Neutrino masses from SUSY breaking in radiative seesaw models by Figueiredo, A. J. R.
CFTP 14-009
September 14, 2018
Neutrino masses from SUSY breaking in radiative seesaw models
Anto´nio J. R. Figueiredo
Centro de F´ısica Teo´rica de Part´ıculas (CFTP),
Instituto Superior Te´cnico - University of Lisbon,
Av. Rovisco Pais 1, 1049-001 Lisboa, Portugal.
ajrf@cftp.ist.utl.pt
Abstract
Radiatively generated neutrino masses (mν) are proportional to supersymmetry (SUSY)
breaking, as a result of the SUSY non-renormalisation theorem. In this work, we investigate
the space of SUSY radiative seesaw models with regard to their dependence on SUSY breaking
(SUSY). In addition to contributions from sources ofSUSY that are involved in electroweak
symmetry breaking (SUSYEWSB contributions), and which are manifest from 〈F †H〉 = µ〈H¯〉 6= 0
and 〈D〉 = g∑H〈H†⊗H H〉 6= 0, radiatively generated mν can also receive contributions from
SUSY sources that are unrelated to EWSB (SUSYEWS contributions). We point out that
recent literature overlooks pure-SUSYEWSB contributions (∝ µ/M) that can arise at the same
order of perturbation theory as the leading order contribution fromSUSYEWS.
We show that there exist realistic radiative seesaw models in which the leading order
contribution to mν is proportional to 
SUSYEWS. To our knowledge no model with such
a feature exists in the literature. We give a complete description of the simplest model-
topologies and their leading dependence on SUSY. We show that in one-loop realisations
LLHH operators are suppressed by at least µmsoft/M
3 or m2soft/M
3. We construct a model
example based on a one-loop type-II seesaw. An interesting aspect of these models lies in the
fact that the scale of soft-SUSY effects generating the leading order mν can be quite small
without conflicting with lower limits on the mass of new particles.
1 Introduction
The large hierarchy between neutrino masses (mν) and the electroweak (EW) scale may be re-
garded a symptom of an hierarchy between the latter and a new mass scale (M) that holds
lepton number (L-number) breaking. The simplest extensions to the Standard Model (SM) that
implement this hypothesis (type-I seesaws [1, 2]) generate LLHH [3] with the naively expected
dimensionful suppression factor of 1/M . Both direct [4] and indirect [5] bounds on mν suggest M
as heavy as 1015 GeV if the underlying parameters are of order one and obey no special relations1.
One can also conceive that additional mass scales are involved in the making of LLHH. If this
is the case, a broader class of possibilities emerge that may turn out to yield M within foreseeable
experimental reach:
1Some special textures in the seesaw parameters allow for relatively large couplings with a smaller M , as discussed
for e.g. in [6] and references therein.
1
ar
X
iv
:1
40
6.
05
57
v3
  [
he
p-
ph
]  
26
 D
ec
 20
14
1. the additional scale is the EW scale (∼ v). In this case LLHH is not generated in pertur-
bation theory, but higher dimensional operators are. This replaces the 1/M dimensionful
suppression by vn/Mn+1, where 5 + n is the dimension of the leading order (LO) opera-
tor. See for example [7] for a model in which the LO contribution to mν comes from the
dimension-7 operator LLHHH†H. See also [8] and references therein.
2. the additional scale (m) is an intermediate scale between mν and M . In this case LLHH is
suppressed by some power of m/M . For example, in the inverse seesaw [9] m is connected
to some small (M) L-number breaking scale that is transmitted to the actual leptons by
dynamics at the scale M . In the type-II seesaw [2] m could be the coupling scale of the
scalar triplet to the Higgses. Both examples lead to a m/M2 dimensionful suppression.
In addition, if LLHH is radiatively generated [10,11], loop factors and many coupling dependence
may help bringing M close to the TeV scale. This possibility arises naturally in models in which
the sector holding L-number breaking is charged under a symmetry with respect to (w.r.t.) which
L and H are neutral. Such a symmetry may find its motivation connected to the stability of dark
matter, as discussed in [12–15]. For studies in the space of one-loop seesaw models see [16–18].
Two new scales are introduced by supersymmetric (SUSY) extensions to the SM: the soft SUSY
breaking (SUSY) scale, msoft; and the scale at which
SUSY takes place, MX . Naive dimensional
analysis gives us grounds to speculate that MX is much heavier than msoft, since the strengths of
hard- and soft-SUSY are related by powers of msoft/MX (see for e.g. [19]). The minimal SUSY
SM (MSSM) introduces yet another scale: the Higgs bilinear, µ. Though, in general, correct EW
symmetry breaking (EWSB) requires µ ∼ msoft. Do any of these scales play any role in neutrino
mass generation?
It has been contemplated in [20–23] that hard-SUSY is the source of L-number violation,
so that msoft/MX  1 might be the reason for mν/v  1. For example, if SUSY generates
L˜L˜HuHu, then LLHuHu arises at one-loop level via a EWino-slepton loop and is suppressed by
msoft/MX [20]. Another possible connection to
SUSY is in identifying the seesaw mediators with
the mediators ofSUSY to the visible sector [24–26].
Holomorphy dictates that tree-level type-I and -III [16,27] seesaws are superpotential operators
that yield LLHuHu, whereas the tree-level type-II [28] gives, in addition to LLHuHu from the
superpotential, LLHuH
†
d from the Ka¨hler potential
1
M2∆
LLF †HdH
†
d ⊂
1
M2∆
∫
d4θ LˆLˆHˆ†dHˆ
†
d ⊂
∫
d4θ ∆ˆ†∆ˆ . (1)
Hence, the Ka¨hler contribution to neutrino masses is proportional to SUSY, since it requires
〈F †Hd〉 6= 0. If the low energy Higgs sector coincides with that of the MSSM, then 〈F
†
Hd
〉 ' µ〈Hu〉
which leads to a LLHuH
†
d operator with a dimensionful suppression factor of µ/M
2. Therefore, the
Ka¨hler operator is usually disregarded in favour of the superpotential operator which has a 1/M
dependence. However, as they involve two different couplings, it is conceivable that the coupling
enabling the superpotential operator is sufficiently suppressed so that the Ka¨hler operator is the
leading one. Ka¨hler operators as leading contributions to mν have been studied in [29,30].
Motivated by the SUSY non-renormalisation theorem, which asserts that radiative corrections
are D-terms, we study how radiative seesaw models are sensitive to different sources ofSUSY (2).
Although L-number breaking can possibly arise from SUSY, i.e. from the VEV of an auxiliary
2In [31], the consequences of the SUSY non-renormalisation were explored in the context of radiative corrections
as a tentative explanation for the intergenerational mass hierarchy of quarks and charged leptons.
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rather than scalar field (see for e.g. [32]), in here we assume that they are broken separately3 so
that the non-renormalisation theorem is the only bridge between mν and
SUSY. We thus assume
that the radiative seesaw models are realised in the superpotential at a L-number breaking scale
M that is higher than the scale of soft-SUSY effects involving the seesaw mediators. We classify
theSUSY contributions to neutrino mass operators w.r.t. their involvement in EWSB as follows:
SUSYEWSB contributions are those which involve 
SUSY vacuum expectation values (VEVs) of
the form
〈F †〉 =
∑
H
µH〈H〉+
∑
H
λH〈HH ′〉 6= 0 or 〈D〉 = g
∑
H
〈H† ⊗H H〉 6= 0 , (2)
where H’s are fields whose VEVs break the EW symmetry (EWS); whileSUSYEWS contributions
correspond to those in which at least oneSUSY VEV is unrelated to EWSB. We apply the prefix
“pure” to refer to a contribution in which all SUSY VEVs have the same origin in the classifi-
cation above. For example, the tree-level type-II seesaw Ka¨hler operator is a pure-SUSYEWSB
contribution to neutrino masses.
In this context, it is interesting to note that if EWSB is almost SUSY, in the sense that there
is a SUSY vacuum with EWSB [33], and so that only small SUSY effects are responsible for
lifting its degeneracy with EWS vacua, thenSUSYEWSB contributions can be quite small due to
〈F †〉EWSB ≈ 0 and 〈D〉EWSB ≈ 0 (i.e. vanish up to possibly small SUSY effects). However, in
this work we focus on models with the low energy Higgs sector of the MSSM, and thus, in which
SUSYEWSB contributions have the form
〈F †Hu,d〉 = µ〈Hd,u〉 ,
〈DU(1)Y 〉 =
g′
2
(|〈Hu〉|2 − |〈Hd〉|2) , 〈D3SU(2)L〉 = g2 (−|〈Hu〉|2 + |〈Hd〉|2) . (3)
As we will see in Sec. 2, contributions to neutrino mass operators whose dependence onSUSY
arises entirely by means of SUSY sources involved in EWSB are expected to be suppressed by
some power of µ/M or be of dimension higher than 5 and involve gauge couplings. Exploiting
the power of the SUSY non-renormalisation in the space of radiative seesaw models, we then
investigate if models exist in which the pure-SUSYEWSB contribution to neutrino masses either
vanishes or is subleading w.r.t. the contribution fromSUSYEWS (Sec. 3). We catalogue one-loop
model-topologies in which the leading contribution comes from soft-SUSYEWS in Sec. 4. An
explicit model example is presented in Sec. 5 and consists of a one-loop type-II seesaw in which
the leading pure-SUSYEWSB contribution is of dimension-7 – comprising contributions ∝ µ/M
and ∝ g2 –, whereas the leading contribution from SUSYEWS is of dimension-5 and has the
dimensionful dependence µmsoft/M
3 or m2soft/M
3, the latter corresponding to pure-SUSYEWS
contributions.
Our analysis will be carried out using perturbation theory in superspace (supergraph tech-
niques4), as it renders the SUSY non-renormalisation theorem a very simple statement and its
implications in terms of component fields easier to identify. Points of contact with results in terms
of component fields will be established throughout. Another advantage is that perturbation theory
in superspace is much simpler than the ordinary QFT treatment. For instance, aside from the
3Since SUSY and L-number are very different symmetries, that the two are broken separately seems to be a
plausible assumption.
4 Extensive details concerning supergraph calculations can be found in chapter 6 of [34].
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algebra of the SUSY covariant derivatives (Dα and D¯α˙), supergraph calculations in a renormalis-
able SUSY model made of chiral scalar superfields resemble the Feynman diagrammatic approach
to an ordinary QFT made of scalars with trilinear interactions. SUSY can be parameterised in a
manifestly supersymmetric manner by introducing superfields with constant θ-dependent values
(SUSY spurions). Thus,SUSY effects will be conveniently taken into account in supergraph cal-
culations by means of considering couplings to external SUSY spurions [35]. This allows one to
see theSUSYEWS contributions to neutrino masses as small
SUSY effects upon a fundamentally
SUSY topology.
2 Radiative seesaws in SUSY
Let OPν be the set of operators that contribute to neutrino masses once the EW symmetry
is broken and ÔPν be the set of superfield operators (superoperators) that yield at least an
OP ∈ OPν . If neutrino masses are radiatively generated the SUSY non-renormalisation theorem
asserts that for every OP ∈ OPν there exists an ÔP ∈ ÔPν such that
OP ⊂
∫
d4θ ÔP . (4)
Hence, as any OP ∈ OPν is of the form OP = LL ⊗ Higgses, every ÔP ∈ ÔPν belongs to one of
two classes:
D2(LˆLˆHˆn)⊗ Aˆ or LˆLˆ⊗ Bˆ , (5)
with ∫
d4θAˆ ⊃ Higgses ,
∫
d2θ¯Bˆ ⊃ Higgses , (6)
and where n = 0, 1, ... stands for conceivable insertions of superfields that yield Higgses at θ = 0 (a
limit hereafter denoted by |). Class A superoperators are naturally generated in radiative type-II
seesaws in which the one-particle reducible (1PR) propagator does not undergo a chirality flip (i.e.
is of the form ΦˆΦˆ†), whereas class B arise in radiative type-I and -III seesaws, radiative type-II
seesaws with a chirality flip and one-particle irreducible (1PI) seesaws. See Fig. 1. We note that
type-I and -III without a chirality flip do not yield an OP ∈ OPν (even in the presence ofSUSY)
because ∫
d4θD2(LˆHˆ ÔPX) ÔP⊃ LL ... , (7)
where ÔP is any superoperator containing one Lˆ and ÔPX accounts for conceivable insertions
of SUSY spurions. In terms of component fields this can be seen to follow from the fact that,
without a chirality flip in the 1PR spinor line, the result is always proportional to external momenta
(pext). To illustrate this, consider a model in which LˆHˆuNˆ and NˆNˆ
′ are superpotential terms
and Nˆ †LˆHˆuρˆ is radiatively generated. (The coupling LˆHˆuNˆ ′ can be forbidden by L-number
conservation, which is spontaneously broken by 〈ρ〉 6= 0.) In such a model, the type-I (or -III)
diagram without a chirality flip arises from the NN † propagator in conjunction with the terms
LHuN ⊂
∫
d2θ LˆHˆuNˆ and N
†pLHu ⊂
∫
d4θ Nˆ †LˆHˆu〈ρˆ〉 , (8)
and leads to LLHuHu with an overall dependence on p
2
ext or, more precisely, −(LHu)LHu. In
terms of supergraphs this result follows from
−(LHu)LHu ⊂
∫
d4θD2(LˆHˆu)LˆHˆu〈ρˆ〉 , (9)
4
which should be compared with Eq. (7). Moreover,SUSY insertions into LˆNˆHˆu and/or Nˆ †LˆHˆuρˆ
do not change this structure.
Lˆ
Lˆ
ÔP
D2
. . .∫
d4θD2(LˆLˆ)ÔP
Lˆ
Hˆ
ÔP
D¯2D2
. . .
Lˆ
∫
d4θLˆHˆ ÔP[Lˆ]
Lˆ
Lˆ
ÔP
D¯2D2
. . .∫
d4θLˆLˆ ÔP
Lˆ
Lˆ . . .
Figure 1: Characteristic examples of supergraph topologies for radiative seesaws: type-II without
a chirality flip (class A), type-I and -III, type-II with a chirality flip and 1PI seesaw, respectively.
To proceed we assume that only scalar and gauge vector superfields exist. We can then write
Aˆ ∈ aˆ⊗
{
Hˆ, Hˆ†, D2Zˆ, D¯2Zˆ†, D2D¯2Vˆ
}n
,
Bˆ ∈ bˆ† ⊗
{
Hˆ, Hˆ†, D2Zˆ, D¯2Zˆ†, D2D¯2Vˆ
}n
,
(10)
where n = 0, 1, ... stands for arbitrary insertions of superfields within the given set (denoted
by curly braces), though constrained by internal symmetries. aˆ and Vˆ (mod Hˆ†, Hˆ) (bˆ† and
Zˆ† (mod Hˆ†)) are real (anti-chiral) scalar superfields whose D (F ) component is a constant or a
product of Higgses5.
2.1 Pure-

SUSYEWSB contributions
Superoperators that lead to pure-SUSYEWSB contributions are those in which aˆ is a gauge vector
superfield Vˆ of any symmetry under which Higgses are charged or the real product of bˆ (bˆ†bˆ), and
bˆ† is the anti-chiral projection of Vˆ (D2Vˆ ), so that6
D¯2D2Vˆ
∣∣∣ = D ⊃ gH† ⊗H , (11)
or any anti-chiral scalar superfield Zˆ† that has a bilinear with an Higgs or a trilinear with two
Higgses, so that
D¯2Zˆ†
∣∣∣ = F †Z ⊃ µH or λH ⊗H ′ . (12)
Similarly, Vˆ (mod Hˆ†, Hˆ) and Zˆ† (mod Hˆ†) in Eq. (10) satisfy Eq. (11) and Eq. (12), respectively.
Under the phenomenologically reasonable assumption of a superpotential mass term for Zˆ,
the contribution of a trilinear with two Higgses adds up to an overall derivative term of the form
(HH ′), as we show in Appendix A. Moreover7,
〈F †Z〉 = µZ〈Z〉+ λ〈HH ′〉 = 0 , (13)
5Here and throughout the text, “mod X” means modulo insertions of X. For instance, suppose that
Vˆ (mod Hˆ†, Hˆ) is equal to Uˆ . Then, this means that the general form of Vˆ is Vˆ = UˆHˆ†kHˆk
′
, where k, k′ = 0, 1, ... .
6 We note that D := DD¯2DVˆ | is equal to D¯2D2Vˆ | in the Wess-Zumino and Landau gauge, since in this gauge
we have Vˆ | = 0 and ∂µV µ = 0.
7Here, and throughout the text, a field (or a scalar chiral superfield) with a bar, say X (Xˆ), transforms (under
non-R-symmetries) in the conjugate representation of X (Xˆ), so that XX (XˆXˆ) is symmetric (i.e. invariant under
the symmetries of the model). Moreover, the R-charges satisfy QR(Xˆ)+QR(Xˆ) = 2 so that
∫
d2θXˆXˆ is symmetric.
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up toSUSY effects. Hence, and from µZ  msoft, one expects the 〈F †Z〉 contribution to be small
due to the cancellation between leading terms. To be precise, one can estimate it as (cf. Eq. (70)
of Appendix A)
〈F †Z〉 '
(m2soft)Z
|µZ |2 λ〈HH
′〉 . (14)
Now, one expects that the EWSB vacuum is not disturbed by SUSY effects involving Z or Z,
since H’s operators generated by integrating out Z and Z are suppressed by msoft/µZ  1 or
µ/µZ  1. Therefore, the 〈F †Z〉 6= 0 contribution that arises from a trilinear with two Higgses is
more appropriately classified as aSUSYEWS contribution.
Since D is a hypercharge singlet, operators that come from a gauge vector superfield have
mass dimension higher than 5. The least is a dimension-6 operator∫
d4θ
{
Vˆ D2(LˆLˆ) , D2Vˆ LˆLˆ
}
⊗ Hˆ ′ ⊃ LLH†HH ′ , (15)
that is conceivable if there exists a hypercharge +1 Higgs (H ′). On the other hand, if the low
energy Higgs sector coincides with that of the MSSM, the leading pure-SUSYEWSB contributions
that are independent of 〈F †Z〉 correspond to the dimension-7 operators
LL⊗
{
HuHu , HuH
†
d , H
†
dH
†
d
}
⊗
{
H†uHu , H
†
dHd
}
. (16)
Since realistic SUSY models have Higgs bilinears, be them dynamically generated or otherwise,
it is conceivable that in general models there are pure-SUSYEWSB contributions to LLHH. Indeed,
in Sec. 2.2 we analyse models in the recent literature whose authors missed to identify the presence
of such contributions.
We then set up to ask a different question. Do Higgs bilinears imply the existence of a pure-
SUSYEWSB contribution to mν? Or are there models in which this implication does not hold?
We show that there is always a pure-SUSYEWSB contribution (Sec. 3.1), however, models exist in
which the LO contribution to mν is proportional to
SUSYEWS (Sec. 4), as we exemplify in Sec. 5.
2.2 Models in the literature
We analyse three recent models [36–38]. The first model is a one-loop type-II seesaw and its
superpotential (W ′) is defined in Eq. (5) of [36]. W ′ has two continuous Abelian symmetries
independent of the hypercharge, and which can be identified with baryon and lepton numbers,
and an R-symmetry. Once the scalar component of the gauge singlet superfield σˆ acquires a VEV,
L-number is broken. We will shift the vacuum accordingly by working with the superpotential
W ′ +MQ′Qˆ′cQˆ′ . (17)
As some suitable definition of L-number is recovered in the limit in which any coupling of the set
{f, fq, λ, yu} goes to zero, the LO superoperator that breaks L-number is a ∆ˆ-mediated type-II
seesaw (without a chirality flip, cf. Fig. 1) by means of the one-loop coupling
a
∫
d4θ ∆ˆ†HˆuHˆ
†
d ⊃ a|µH |2∆†HuH†d , (18)
as generated by the supergraph of Fig. 2. (a is some mass dimension −1 coefficient whose form
will be given below.) On the rightmost diagram we illustrate by means of using auxiliary fields (F ,
6
Hˆd
Hˆu
∆ˆ
uˆc
Qˆ′−
Qˆ′c
Qˆ
D2
D¯2
D2
D¯2
⊃
Hu
Hd
∆
u˜c
Q˜′
Q˜
⇔
Hu FHd
Hd FHu
∆
u˜c
Q˜′
FQ′c
Q˜
Figure 2: Leading order supergraph that contributes to the three-scalar coupling ∆†HuH
†
d in the
model of [36].
depicted by a dotted line with an arrowhead) that the diagram is holomorphy compliant and has
an external F † − F pair. Therefore, a non-vanishing coefficient for that operator is in agreement
with the SUSY non-renormalisation theorem.
For external neutral Higgses and at pext = 0, a is given by
a = −y
ii
u f
ji∗
q λji∗
16pi2MQ′j
(
−1 + x2ij − log x2ij
(1− x2ij)2
)
, xij :=
mu˜i
MQ′j
, (19)
and hence, the pure-SUSYEWSB contribution to neutrino masses is
m
SUSYEWSB
ν ' −
fvcβ
8pi2
( |µH |2
M2∆
)(
mt
MQi
f i3∗q λ
i3∗
)(−1 + x23i − log x23i
(1− x23i)2
)
. (20)
At the same order of perturbation theory other holomorphy compliant diagrams for ∆†HuH
†
d
can be drawn but none has an external F † − F pair. Thus, in the pext → 0 limit the diagrams
in such a set add up to zero as mandated by the SUSY non-renormalisation theorem. (This
will be better illustrated in the discussion surrounding Fig. 11.) SUSY insertions lift this delicate
cancellation, thus leading to µH -independent contributions to mν . Under the common assumption
of µH ∼ msoft, the two contributions are comparable.
The second model is a one-loop 1PI seesaw. Its superpotential is given in Eq. (1) of [37] and
we reproduce here the part involved in the generation of LLHH:
MN
2
NˆNˆ + µLHˆuHˆd + µL2ηˆL1ηˆL2 +
µs3
2
ζˆ3ζˆ3 + f9HˆdηˆL2ζˆ3 + f10HˆuηˆL1ζˆ3 + f16LˆNˆ ηˆL2 ⊂ W , (21)
where we have made the identifications ΦL1 → Hd, ΦL2 → Hu, ψ → L and chose a different
normalisation for the mass terms. SU(2)L contractions are defined as in Eq. (86), except for an
overall minus sign in µL and f9 terms.
At (leading) one-loop order three supergraphs with external LˆLˆHˆHˆ are generated, as shown
in Fig. 3. By doing the D-algebra we see that the third supergraph vanishes, while the others give
the following contribution to the effective Lagrangian:
f∗9
16pi2
∫
d4θ
(
1
2
f∗9µs3Hˆ
†
d + f10µL2Hˆu
)
Hˆ†d
(
LˆκLˆ
) ⊃ f∗9µL
16pi2
(
f∗9µs3H
†
d + f10µL2Hu
)
Hu
(
LκL
)
.
(22)
In the pext → 0 limit κ is given by
κik = (f16)ijMNjD0(0, 0, 0, 0, 0, 0,M
2
Nj , µ
2
L2, µ
2
s3, µ
2
L2)(f
T
16)jk , (23)
7
ζˆ3
Lˆi Lˆk
Hˆd Hˆd
D2D2 D¯2
D¯2D¯2 D2
ηˆL2ηˆL2
Nˆj
ζˆ3
Lˆi Lˆk
Hˆu Hˆd
D¯2
D2
D2
D¯2D¯2 D2
ηˆL2
ηˆL1|
ηˆL2
Nˆj
ζˆ3
Lˆi Lˆk
Hˆu Hˆu
D2 D2
D¯2D¯2 D2
D¯2D¯2 D2
ηˆL1|
ηˆL2
ηˆL1|
ηˆL2
Nˆj
Figure 3: Leading order supergraphs for superoperators LˆLˆHˆHˆ in the model of [37]. The third
supergraph vanishes.
where D0 is the scalar one-loop 4-point integral [39]. Hence, upon EWSB the following pure-
SUSYEWSB contribution to neutrino masses is obtained
m
SUSYEWSB
ν ' −
f16f
T
16f
∗
9
48pi2
(
µLv
2
M2N
)
(f∗9 cβ + f10sβ) sβ , (24)
where we have taken the simplifying limit MNi = µs3 = µL2 = MN .
In order to recover this same result working with component fields, we note that the holo-
morphy of the superpotential dictates that at one-loop order the only possible contributions to
LLHH are those displayed in Fig. 4. For each diagram we display on the right-hand side its
equivalent with auxiliary fields. Contrary to the previous model, in this model all LO holomorphy
compliant diagrams have an external F †−F pair: the F is LL and the F † is F †Hd . The three-scalar
interactions involved can be read from
− f∗9µLHuη†L2ζ†3 ⊂ −f∗9F †Hdη
†
L2ζ
†
3 ⊂ L ,
− f∗9µs3H†dη†L2ζ3 ⊂ −f∗9H†dη†L2F †ζ3 ⊂ L ,
− f10µ∗L2Huη†L2ζ3 ⊂ −f10HuFηL1ζ3 ⊂ L ,
(25)
and by means of standard calculations one can confirm the supergraph derivation.
L
L
Hu
Hd
N
ηL2
ηL2
ζ3 ⇔
L
L
FHd
Hu
Hd
N
ηL2
ηL2
ζ3
Fζ3
L
L
Hu
Hu
N
ηL2
ηL2
ζ3 ⇔
L
L
Hu
FHd Hu
N
ηL2 FηL1
ηL2
ζ3
Figure 4: Leading order diagrams generating operators LLHuH
†
d (upper row) and LLHuHu (lower
row) in the model of [37].
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Besides overlooking the pure-SUSYEWSB contribution to mν , the authors of [37] estimate the
SUSYEWS contribution as having the dimensionful dependence (cf. Eq. (3) of [37])
m
SUSYEWS
ν ∝
v2m2soft
M3N
, (26)
where we have taken the freedom to identify what they call the N˜N˜ B-term by m2soft, msoft
being an overall scale for the soft-SUSY parameters. If this were indeed the LO contribution
from SUSYEWS, then m
SUSYEWSB
ν  m
SUSYEWS
ν under the common assumption of µL ∼ msoft.
However, the authors have missed the dominantSUSYEWS contribution and which proceeds from
the ηL2ζ3Hd A-term, as can be seen in Fig. 5. To be specific, at LO the A-terms lead to
m
SUSYEWS
ν =
1
tβ
(
A∗9
µL
)
m
SUSYEWSB
ν , (27)
where A9 is defined by f9A9ηL2ζ3Hd ⊂ −Lsoft. (Conventions regarding the soft-SUSY potential
are explained at the beginning of Appendix B.) On dimensional grounds one would naively expect
that, indeed, a dependence of msoft/M
2 for LLHH would be found, since the underlying, i.e.∫
d4θ LˆLˆHˆHˆ, has mass dimension 6.
L
L
Hu
Hd
N
ηL2
ηL2
ζ3 ⇔
L
L
Hu
Hd
N
ηL2 FηL1
ηL2
ζ3
L
L
Hd
Hd
N
ηL2
ηL2
ζ3 ⇔
L
L
Hd
Hd
N
ηL2
ηL2
Fζ3
ζ3
Figure 5: Leading order A-term (grey blobs) contribution to LLHH in the model of [37]. We do
not display LLHuHu since it is subleading as it requires a BηL insertion.
A thorough evaluation of soft-SUSYEWS contributions to LLHH up to order 2 and in the
simplifying limit MNi = µs3 = µL2 = MN is given in Appendix D.
To end this section let us briefly mention the model of [38]. It is also a one-loop 1PI seesaw and
contains a Higgs bilinear. The model’s low-energy superpotential comprises Eq. (10) and Eq. (12)
of [38], in addition to MSSM Yukawa couplings. In addition to baryon number, this superpotential
has a continuous Abelian symmetry independent of the hypercharge and which is defined by
Lˆ→ eiφLLˆ , Eˆc → e−iφLEˆc , ζˆ/ηˆ → e±iφL ζˆ/ηˆ ,
Φˆu,d → e∓iφLΦˆu,d , Ωˆ± → e∓iφLΩˆ± ,
(28)
i.e. a L-number symmetry. The soft-SUSY potential of their model (cf. Eq. (11) of [38]) contains
the terms
m2ζηη
†ζ +
B2ζ
2
ζ2 +
B2η
2
η2 + H.c. ⊂ −Lsoft , (29)
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which explicitly break the U(1)L. (It is noteworthy that these terms are absent from their earlier
works [40].) It is thus not surprising that in their model all LLHH operators come fromSUSYEWS.
If one adds to the superpotential the analogue of ζ2 and η2 SUSY-terms, i.e.
Mζ
2
ζˆ2 +
Mη
2
ηˆ2 , (30)
so that U(1)L breaking becomes independent of
SUSY, one finds a pure-SUSYEWSB contribution
to LLHuH
†
d and LLHuHu in striking resemblance to the previous model: Φˆu,d play the role of
ηˆL2,L1, while ζˆ (and its the mixture with ηˆ) plays the role of ζˆ3 in the generation of LLHuH
†
d (and
LLHuHu, respectively).
3 
SUSYEWS contributions
In the presence of F - or D-termSUSY, any operator that comes fromSUSYEWS is contained in
the union of the following cases:
a)
∫
d4θ Xˆ ÔP ;
b)
∫
d4θ Xˆ† ÔP ;
c)
∫
d4θ Yˆ ÔP ;
(31)
modulo D2Xˆ, D¯2Xˆ† and D2D¯2Yˆ insertions, and where Xˆ and Yˆ are F - and D-termSUSY spu-
rions, respectively. Under the common assumption thatSUSY is blind to the internal symmetries
of the visible sector, it is conceivable the existence of models in which both {Xˆ, Xˆ†, Yˆ }ÔP (cases
a, b and c, respectively) and ÔP are generated up to some order in perturbation theory. We can
now ask ourselves which instances of ÔP ∈ ÔPν do not yield an OP ∈ OPν in the absence of
SUSY spurions8. The general answer is:
1. ÔP = D2(LˆLˆHˆn)⊗
(
a superoperator whose D-term is zero at pext = 0
)
;
2. ÔP = LˆLˆ⊗
(
a superoperator whose F †-term is zero at pext = 0
)
.
(32)
In the following, let Zˆ† and Vˆ denote any superfields whose Zˆ† (mod Hˆ†) and Vˆ (mod Hˆ, Hˆ†)
parts satisfy Eq. (12) and Eq. (11), respectively. Type-1 superoperators that only give OP ∈ OPν
fromSUSYEWS according to a, b and c, are:
1.a) D2(LˆLˆHˆn)⊗
{
Zˆ†, D2Vˆ
}
⊗
{
Hˆ†, D¯2Zˆ†, D2Zˆ,D2D¯2Vˆ
}n′
;
1.b) D2(LˆLˆHˆn)⊗
{
Zˆ, D¯2Vˆ
}
⊗
{
Hˆ, D¯2Zˆ†, D2Zˆ,D2D¯2Vˆ
}n′
;
1.c) D2(LˆLˆHˆn)⊗
{
(Hˆ†)k, (Hˆ)k
}
⊗
{
D¯2Zˆ†, D2Zˆ,D2D¯2Vˆ
}n′
;
(33)
where n, n′, k = 0, 1, ... stand for any number of insertions, though constrained by internal sym-
metries. Type-2 ÔP’s that only give OP ∈ OPν fromSUSYEWS can only proceed from b:
2.b) LˆLˆ⊗
{
Hˆ,D2Zˆ, D¯2Zˆ†, D2D¯2Vˆ
}n
. (34)
8To simplify the discussion, from now on any ÔP ∈ ÔPν is defined moduloSUSY insertions.
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If at low energy the only Higgses are MSSM’s, then the superoperators of lowest dimension
that only give OP ∈ OPν fromSUSYEWS are
1.a) D2(LˆLˆ)Hˆ†d ⊗
{
Hˆ†d, D¯
2Hˆ†d, D
2Hˆu
}
∪D2(LˆLˆHˆu)Hˆ†d ;
1.b) D2(LˆLˆ)Hˆu ⊗
{
Hˆu, D¯
2Hˆ†d, D
2Hˆu
}
∪D2(LˆLˆHˆu)Hˆu ;
1.c) D2(LˆLˆ)⊗
{
D2Hˆu ⊗
{
D2Hˆu, D¯
2Hˆ†d
}
, D¯2Hˆ†dD¯
2Hˆ†d,
D2(HˆuHˆu), D¯
2(Hˆ†dHˆ
†
d)
}
∪D2(LˆLˆHˆuHˆu) ∪ 1.a ∪ 1.b ;
2.b) LˆLˆ⊗
{
Hˆu ⊗
{
Hˆu, D
2Hˆu, D¯
2Hˆ†d
}
, D2Hˆu ⊗
{
D2Hˆu, D¯
2Hˆ†d
}
,
D¯2Hˆ†dD¯
2Hˆ†d, D
2(HˆuHˆu), D¯
2(Hˆ†dHˆ
†
d)
}
.
(35)
3.1 Are there models in which the pure-

SUSYEWSB subset of OPν is empty?
Since every ÔP ∈ ÔPν has U(1)Y and SU(2)L charges flowing in internal lines, one might be
tempted to think that this alone suffices to show that the subset is always non-empty. Indeed,
as insertions of external VˆU(1)Y and Vˆ
α
SU(2)L
into internal lines are allowed, and in particular into
loop lines, it is conceivable that any ÔP ∈ ÔPν can be promoted to a superoperator that yields a
pure-SUSYEWSB OP ∈ OPν by means of judicious appendages of gauge vector superfields Vˆ and
their chiral projections D2Vˆ and D¯2Vˆ . An example of this that we will encounter in Sec. 5 is
D2(LˆLˆ)HˆuHˆu → D2(LˆLˆ)HˆuHˆuVˆ , (36)
which yields dimension-7 operators of the form
LLHuHuH
†H ∈ OPν . (37)
However, even though supergraphs with any given number of external Vˆ ’s can be constructed
from any underlying ÔP ∈ ÔPν , the so obtained ÔP ∈ ÔPν may vanish as the supergraphs
add up to zero. In fact, this happens whenever all charge carrying internal lines undergo a
chirality flip that is symmetric w.r.t. the local symmetry of which Vˆ is the gauge superfield. More
generally, Vˆ ’s insertions can be seen to correspond to terms in the Vˆ -expansion of gauge completed
superoperators9.
Regarding models in which there exists a Higgs bilinear. Pick a ÔP ∈ ÔPν . Each supergraph
contributing to ÔP belongs to one of the following two classes:
a) at least one external Higgs Hˆ (or Hˆ†) is locally connected to loop superfields, i.e. at least
one external Higgs is 1PI;
b) all external Higgses are connected to the loop(s) by means of 1PR propagators, i.e. all
external Higgses are 1PR.
Without loss of generality, say that for a particular supergraph belonging to class-a the vertex is
HˆXˆ1Xˆ2, where Xˆ’s are loop superfields. One can then see (cf. Fig. 6) that an insertion of Hˆ
† (Hˆ)
followed by an insertion of Hˆ (Hˆ†) leads to a supergraph for the superoperator
Hˆ†Hˆ ÔP . (38)
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D¯2
Hˆ
Xˆ1 Xˆ2
⇒ D¯2 D2 D¯2
Hˆ Hˆ Hˆ
Xˆ1 Xˆ2 Xˆ1 Xˆ2
⊃ −D¯
2
Hˆ Hˆ Hˆ
Xˆ1 Xˆ2 Xˆ1 Xˆ2
−→ D¯2
Hˆ Hˆ Hˆ
Xˆ1 Xˆ2D-algebra
point of view
Figure 6: A HˆXˆ1Xˆ2 vertex (leftmost diagram) implies a non-vanishing HˆHˆ
†HˆXˆ1Xˆ2 interaction
that is local in θ, i.e. “a vertex” from the D-algebra point of view (rightmost diagram).
Each class-b supergraph can also be transformed into a supergraph for Hˆ†Hˆ ÔP, as we proceed
to show. Choose some 1PR leg. To be completely general, we take the Higgses along that leg
to be Hˆ, Hˆ ′, ..., where Hˆ is attached to the loop(s) by one 1PR propagator, Hˆ ′ by two, and
so on along the leg, and the chiralities are left unspecified (for e.g. Hˆ and Hˆ ′ need not have
the same chirality, and Hˆ can be either chiral or anti-chiral). This is depicted in the left-hand
side supergraph of Fig. 7. Let HˆΦˆΦˆ′ be the vertex that connects Hˆ to the leg, and where Φˆ
is the superfield that connects Hˆ to the loop(s) (depicted by a circle) by either a ΦˆΦˆ† or a ΦˆΦˆ
propagator. Now, in the same way as a Hˆ†Hˆ insertion is performed in Fig. 6, one can make an
insertion of Φˆ†Φˆ (or Φˆ†Φˆ, depending on how Φˆ is connected to the loop(s)) in the the loop line
to which Φˆ† (or Φˆ) is locally connected. Then, take Φˆ† (or Φˆ) to propagate via ΦˆΦˆ† (or ΦˆΦˆ) to
Φˆ′Hˆ, so that the insertion leads to two additional legs: one with Φˆ′Hˆ and the other with Φˆ′†Hˆ†,
as shown in the middle supergraph of Fig. 7. Now, by contracting Φˆ′ with Φˆ′† we arrive at a
supergraph (see right-hand side of Fig. 7) for the superoperator Hˆ†Hˆ ÔP.
Φˆ
Φˆ′
Hˆ
Hˆ ′
...
. . .
−→ Φˆ
Φˆ′
Hˆ
Hˆ ′
...
Φ†
Φ′†
Hˆ† Φ
Φ′ Hˆ
. . .
−→ Φˆ
Φˆ′
Hˆ
Hˆ ′
...
Φ†
Φ′†
Hˆ† Φ
Φ′
Hˆ
. . .
Figure 7: Schematic of a procedure to go from a class-b supergraph for ÔP (leftmost diagram)
to a supergraph for Hˆ†Hˆ ÔP (rightmost diagram) by means of a double insertion in the loop line
to which the 1PR leg is attached (middle diagram). The dot at which the lines of Φˆ† and the
two Φˆ’s meet is a vertex in the sense of Fig. 6. In order to describe all conceivable assignments
of chiralities to external and internal superfields, the chiralities of Hˆ, Hˆ ′, Φˆ and Φˆ′ are left
unspecified. However, Hˆ, Φˆ and Φˆ′ have the same chirality, as is implied by the vertex. Moreover,
and so that all conceivable propagators are described, we also do not specify how Φˆ is connected
to the loop(s) (depicted by the circle), nor how Φˆ′ is connected to Hˆ ′.
The procedures described above can be applied to each class-a or -b supergraph of the set
contributing to ÔP up to any given order of perturbation theory. Hence, if class-a or -b supergraphs
for superoperator ÔP do not add up to zero, the transformed ones do not add up to zero for
Hˆ†Hˆ ÔP either. Now, if there exists a Higgs bilinear, Hˆ†Hˆ ÔP yields a pure-SUSYEWSB OP ∈ OPν
regardless of ÔP ∈ ÔPν . We will illustrate this for a particular model in Sec. 5.
On dimensional grounds one expects that the strength of a pure-SUSYEWSB OP ∈ OPν ob-
9 For example, D2(LˆLˆ)HˆuHˆuVˆU(1)Y is a term in the Vˆ -expansion of D
2(LˆLˆe−2g
′YLVˆU(1)Y )HˆuHˆue
−2g′YHu VˆU(1)Y .
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tained from ÔP by an insertion of Vˆ compares to the strength of a pure-SUSYEWSB OP
′ ∈ OPν
obtained from the same superoperator by an insertion of Hˆ†Hˆ as
g2 : λ2
(
µ
MX
)2 or 1
, (39)
for class A or B superoperators, respectively, and where λ is the coupling strength of Hˆ’s to the
loop(s). Moreover, if the leading supergraphs for ÔP are of class-b, and the model is such that
the only feasible Hˆ†Hˆ insertion is by means of the procedure described in Fig. 7, then the ∝ µ/M
contribution comes with an additional loop suppression factor.
4 Models in which the leading order subset of OPν is proportional
to 
SUSYEWS
A possible strategy to construct models of this kind is the following. Pick a set of superoperators
that cannot yield a pure-SUSYEWSB OP ∈ OPν (cf. Eq. (33) and Eq. (34)). Choose the LO
topologies at which these operators appear. Write the necessary superfields and couplings. As
a final step, pick an internal symmetry group that precludes, at least up to the same order of
perturbation theory, all superoperators that yield a pure-SUSYEWSB OP ∈ OPν . In particular,
it is essential that the “wrong” Higgs does not communicate (at least up to the same order as
the “right” Higgs) to the sector that holds L-number breaking. To illustrate this, consider for
example the one-loop realisation of 1PI LˆLˆHˆuHˆu. Hˆu couples to, say, Xˆ1Xˆ2, where Xˆ1,2 have
mass terms. Without loss of generality let the mass terms be XˆiXˆi. Hence, Xˆ1Xˆ2Hˆd is invariant
under non-R-symmetries in this phase. If such a term exists in the superpotential, this same model
generates the supergraph topology shown in the middle panel of Fig. 3, leading to LˆLˆHˆuHˆ
†
d which
yields a pure-SUSYEWSB OP ∈ OPν .
We cannot think of any serious obstruction that would compromise this procedure for con-
structing general models of this kind. In fact, in the next section we give a proof of existence based
on a one-loop type-II seesaw, also showing that this kind of models need not be complicated.
Under the assumption of a standard set of Higgses (Hˆu,d), the simplest models of this kind are
those that generate, at the one-loop order, superoperators that were identified in Eq. (35). From
D-algebra considerations, and relegating topologies with self-energies to Appendix C, one obtains
the following list of possibilities10:
• D2(LˆLˆ)HˆuHˆu, LˆLˆD2(HˆuHˆu), D2(LˆLˆ)Hˆ†dHˆ†d and LˆLˆD¯2(Hˆ†dHˆ†d)
– type-II without a chirality flip;
• LˆLˆHˆuHˆu (1PR)
– type-II with a chirality flip, type-I and -III;
• LˆLˆHˆuHˆu (1PI).
10 A systematic method to derive this list is the following. The class of one-loop 4-point supergraph topologies
with a one-loop vertex can be partitioned w.r.t. the 4 possible types of 1PR propagators: ΦˆΦˆ†, its H.c., ΦˆΦˆ and its
H.c.. Of these topologies, only 3 + 1 + 3 + 1 (partitioned as mentioned) can underlie an ÔP ∈ ÔPν as a consequence
of requiring at least two external chiral lines that will be identified as a pair of Lˆ’s. Of these, only 2 + 1 + 1 + 0 can
underlie a superoperator listed in Eq. (35). These 2 + 1 + 1 + 0 topologies can be identified by the superoperators
D2(AˆBˆ)CˆDˆ, D2(AˆBˆ)Cˆ†Dˆ†, D¯2(Aˆ†Bˆ†)CˆDˆ and AˆBˆCˆDˆ, respectively. Regarding irreducible topologies: only 3 have
at least two external chiral lines and, of these, only 1 can underlie a superoperator listed in Eq. (35).
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The corresponding supergraph topologies are depicted in Fig. 8. Notice that we populate the
supergraphs with D’s in a manner that makes the non-trivial 1PI part separable. Moreover, when
doing the D-algebra, we integrate by parts the D’s in a way that avoids crossing over the non-
trivial 1PI part. The usefulness of this procedure is in allowing to associate superoperators to
whole 1PR supergraphs, even when the result of some of their 1PI parts is zero in the SUSY limit.
This works by extending the d4θ integration of the non-trivial 1PI part to a d4θ integration that
encompasses all external superfields. To illustrate what we mean, consider the second supergraph
topology, and let ΦˆΦˆ† be the 1PR propagator. If, after doing the loop’s D-algebra, we integrated
by parts the D2 that lies over the 1PR line to the right, we would obtain LˆLˆD2(Hˆ†dHˆ
†
d) = 0.
However, as we integrate it to the left, we end up with D2(LˆLˆ)Hˆ†dHˆ
†
d. With this procedure the
zero of the non-trivial 1PI part, i.e.
∫
d4θ Φˆ†Hˆ†dHˆ
†
d = 0, is transferred to
∫
d4θD2(LˆLˆ)Hˆ†dHˆ
†
d = 0.
Lˆ / Hˆu
Lˆ / Hˆu
D2
Hˆu / Lˆ
Hˆu / Lˆ
D¯2
D2
D¯2
D2
Lˆ
Lˆ
D2
Hˆd
Hˆd
D2
D¯2
D2
D2
D¯2
D¯2
Hˆd
Hˆd
D¯2
Lˆ
Lˆ
D¯2
D2
D¯2
D¯2
D2
D2
Lˆ / Hˆu / Hˆu
Lˆ / Hˆu / Lˆ
D¯2D2
Hˆu / Lˆ / Hˆu
Hˆu / Lˆ / Lˆ
D¯2
D2
D¯2
D¯2
D2
D2
Lˆ Lˆ / Hˆu
Hˆu Hˆu / Lˆ
D¯2 D2 D¯2
D¯2 D2 D¯2
D2 D2
Figure 8: One-loop supergraph topologies that are identified in the text. From left to right:
D2(LˆLˆ)HˆuHˆu or LˆLˆD
2(HˆuHˆu), D
2(LˆLˆ)Hˆ†dHˆ
†
d, LˆLˆD¯
2(Hˆ†dHˆ
†
d), LˆLˆHˆuHˆu (1PR) and LˆLˆHˆuHˆu
(1PI).
The subcase LˆLˆD2(HˆuHˆu) of the first topology, i.e. in which HˆuHˆu is coupled to the 1PR
propagator (say ΦˆΦˆ†), contains an example of the trilinear case discussed in Sec. 2.1. To be
precise, its non-trivial 1PI part gives
1
M
∫
d4θLˆLˆΦˆ† ⊃ 1
M
LLF †Φ , (40)
and since (cf. Eq. (70) and let λ be the ΦˆHˆuHˆu superpotential coupling)
〈F †Φ〉 =
m2soft
M2Φ
λ〈HuHu〉+ λB
∗
M3Φ
(
A〈HuHu〉+ 2µ∗〈HuH†d〉
)
+O
(
m4soft
M4Φ
)
, (41)
it effectively generates LLHuHu and LLHuH
†
d.
To study howSUSY effects upon these topologies can generate an ÔP which yields an OP ∈
OPν , we include soft-
SUSY in supergraph calculations by means of the following11 non-chiral
11 We disregard non-holomorphic soft-SUSY trilinears as naive dimensional analysis indicates that they are
suppressed by msoft/MX w.r.t. A,
√
B and msoft.
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vertices withSUSY spurions (Xˆ ∼M2Xθ2):
λAφ1φ2φ3 = λ
∫
d4θ
(
X†X
M3X
)
A
Φˆ1Φˆ2Φˆ3 ,
Bφ1φ2 =
∫
d4θ
(
X†X
M2X
)
B
Φˆ1Φˆ2 ,
m2softφ
†
1φ1 =
∫
d4θ
(
X†X
M2X
)
m2soft
Φˆ†1Φˆ1 .
(42)
We note that this form for A- and B-terms is equivalent to (d) and (b) of [35], respectively, since∫
d4θXˆ†Xˆ ÔP ∼ ∫ d2θXˆ ÔP (12). The complete list ofSUSY insertions that yield an OP ∈ OPν
reads ∫
d4θ
[
D2(Xˆ†Xˆ) or Xˆ†Xˆ
]{
D2D¯2(Xˆ†Xˆ)
}n
D2(LˆLˆ)HˆuHˆu ,∫
d4θ
{
D2D¯2(Xˆ†Xˆ)
}n
LˆLˆ
{
D2(Xˆ†XˆHˆuHˆu),
D2(Xˆ†Xˆ)
[
D2(HˆuHˆu) or D
2(HˆuHˆuD¯
2(Xˆ†Xˆ))
]}
,∫
d4θ
[
D¯2(Xˆ†Xˆ) or Xˆ†Xˆ
]{
D2D¯2(Xˆ†Xˆ)
}n
D2(LˆLˆ)Hˆ†dHˆ
†
d ,∫
d4θD2(Xˆ†Xˆ)
{
D2D¯2(Xˆ†Xˆ)
}n
LˆLˆ
[
D¯2(Hˆ†dHˆ
†
d) or D¯
2(Hˆ†dHˆ
†
dD
2(Xˆ†Xˆ))
]
,∫
d4θD2(Xˆ†Xˆ)
{
D2D¯2(Xˆ†Xˆ)
}n
LˆLˆHˆuHˆu ,
(43)
where n = 0, 1, ... stands for the number of insertions of D2D¯2(Xˆ†Xˆ).
A soft-SUSY insertion into a (anti-)chiral vertex, i.e. an A-term, introduces an extra Xˆ (Xˆ†,
respectively) factor in the corresponding supergraph. Hence, D-algebra considerations reveal that
a single soft-SUSY insertion of an A-term can generate an OP ∈ OPν only in the case of a type-II
seesaw without a chirality flip, i.e. the first topology of Fig. 8, and which leads to
A∗µ∗
M3
LLHuH
†
d ⊂
1
M3
∫
d4θ D2
(
Xˆ†Xˆ
M3X
)
A∗
[
D2(LˆLˆ)HˆuHˆu or LˆLˆD
2(HˆuHˆu)
]
. (44)
For a detailed catalogue up to order 3 in the scale of soft-SUSY (msoft) see Appendix B. It
is important to notice that SUSY-insertions into the supergraph underlying the superoperator
LˆLˆD2(HˆuHˆu) do yield the 〈F †Φ〉 contribution mentioned in Eq. (41). Indeed, the terms in Eq. (41)
correspond respectively to the following entries of Tab. 5: the 5th row of the second table and the
4th and 1st rows of the first table.
From the tables in Appendix B three different kinds of leading dimensionful suppression factors
are found:
12 In spite of this, one could still be suspicious on whether our parameterisation for holomorphic soft-SUSY is
actually soft, since the A-term vertex gives three factors of D¯2, whereas only a maximum of four Dα or D¯α˙ is
compatible with the renormalisability criterion for softness. To see that it is, notice that any sub-graph in which
one of these D¯2 is not absorbed by Xˆ† vanishes identically as there is a D¯2 factor on every internal line attached to
the vertex. Similarly, non-vanishing sub-graphs with a B-term are those in which the B is seen to introduce only a
factor of D¯2.
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• µmsoft/M3 or m2soft/M3 – D2(LˆLˆ)HˆuHˆu and LˆLˆD2(HˆuHˆu);
• µm2soft/M4 or m3soft/M4 – LˆLˆD¯2(Hˆ†dHˆ†d);
• m2soft/M3 – D2(LˆLˆ)Hˆ†dHˆ†d and LˆLˆHˆuHˆu (both 1PR and 1PI).
The absence of a contribution linear in msoft for some topologies is most easily seen to stem from
the fact that one-loop topologies for LˆLˆHˆuHˆu, as well as the one-loop 1PI parts of D
2(LˆLˆ)Hˆ†dHˆ
†
d
and LˆLˆD¯2(Hˆ†dHˆ
†
d), use vertices of a single chirality. Moreover, and in regard to LˆLˆD¯
2(Hˆ†dHˆ
†
d),
the leading contributions from the D¯2(Hˆ†dHˆ
†
d) piece are µHuH
†
d and A
∗H†dH
†
d.
In Appendix C, where we conduct a similar analysis for one-loop realisations with self-energies,
we find that these too have leading dimensionful suppression factors that range from µmsoft/M
3
or m2soft/M
3 to µm2soft/M
4 or m3soft/M
4.
If we take µ ∼ msoft, we can conclude that in one-loop models of this kind LLHH operators
have a dimensionful suppression of at least m2soft/M
3. This result is naively expected for type-II
seesaws without a chirality flip, since
∫
d4θD2(LˆLˆ)HˆHˆ has mass dimension 7. For other realisa-
tions this dependence is not trivial, since for an underlying superoperator LˆLˆHˆHˆ one in general
expects a msoft/M
2 dependence, as was indeed found in Sec. 2.2.
The dimensionful suppression µmsoft/M
3 or m2soft/M
3 does not hold at higher loops. For
instance, consider LˆLˆHˆuHˆu generated by the 1PI two-loop topology shown in the left-hand side
of Fig. 9. A single A-term insertion (depicted as a grey blob, on the right) leads to
1
M2
∫
d4θD2
(
Xˆ†Xˆ
M3X
)
A∗
LˆLˆHˆuHˆu ⊃ A
∗
M2
LLHuHu . (45)
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D¯2
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Xˆ†Xˆ ⊃
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Figure 9: Example of a two-loop supergraph for superoperator LˆLˆHˆuHˆu (left) which yields an
OP ∈ OPν by means of a single A-term insertion (right).
5 A model example
Looking at the one-loop topology for D2(LˆLˆ)HˆuHˆu (cf. Fig. 8) we see that the most general set
of scalar superfields and superpotential terms involved is 7 and 5 (4 trilinears and 1 bilinear),
respectively. The subset of U(1)7 (acting independently on each scalar superfield) under which
the 5 terms are invariant consists of the hypercharge and a new U(1)X charge carried by the
superfields in the loop (say Xˆ’s). These are responsible for communicating L-number breaking to
the SM leptons via the exchange of a type-II seesaw mediator, ∆ˆ.
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Since ∆ˆ must be massive, the only way by which the coupling ∆ˆ†HˆuHˆu can be made to be
genuinely radiative is by linking it to the VEV of a superoperator of at least dimension 4 in
superfields. One simple example is
ρˆ†∆ˆ†HˆuHˆu → 〈ρ†〉∆ˆ†HˆuHˆu + ρˆ†∆ˆ†HˆuHˆu . (46)
This is similar to the procedure described in [18] to prevent a 1PR seesaw from having a tree-level
contribution and which in an ordinary QFT only works for type-I and -III topologies. It can be
successfully applied to the type-II topology in a SUSY setting because renormalisable four-scalar
interactions can be genuinely radiative in SUSY (see Appendix E). To understand this result, we
note the following. In order for the χχφ interaction to be genuinely radiative, and thus realise
a radiative type-I or -III seesaw, it must arise from some symmetric operator that is not present
at tree-level in the UV complete model. Only non-renormalisable operators satisfy this criterion.
Thus, if one builds a model in which χχφφ′ is not generated at tree-level (this can always be done)
and φ′ gets a symmetry breaking VEV, in the broken phase we obtain the so desired radiative
coupling. (The way by which this is done in [18] is to consider that φ′ is attached to an internal
spinor line of an underlying 1PI one-loop topology for χχφφ′.) In an ordinary QFT this cannot
work for a target φ3 from a symmetric φ3φ′ because φ3φ′, being renormalisable, must be present
at tree-level in the UV complete model.
We will assume that this is achieved by a U(1) L-number symmetry that is broken by the VEV
of the scalar component of ρˆ. Since L-number breaking is communicated by X’s, the simplest
choice is to consider that they couple directly to ρˆ. We remain agnostic as to what drives 〈ρ〉 6= 0.
Furthermore, the simplest holomorphy compliant choice is to make a ρˆ† insertion in the loop line
where chirality flips, so that the mass term originates from L-number breaking. We thus arrive
at the left-hand side diagram of Fig. 10. Even though the topology does not require Xˆ1 and Xˆ2
to have mass terms, we will assume that they do have XˆXˆ mass terms already at the L-number
symmetric phase.
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D2
D¯2
D¯2
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Figure 10: Leading order subset of ÔPν in the model example.
The model is thus summarised in Tab. 1 and its most general renormalisable superpotential
reads13
W := WMSSM +M∆∆ˆ∆ˆ +
2∑
i=1
MXiXˆiXˆi + λρˆXˆ3Xˆ3
+Hˆu
(
λ1Xˆ1Xˆ3 + λ2Xˆ2Xˆ3
)
+ ∆ˆ
(
λLLˆLˆ+ λXXˆ1Xˆ2
)
+ λ¯X∆ˆ Xˆ1Xˆ2 . (47)
(Conventions regarding SU(2)L contractions are given in Appendix F.) In the absence of the last
term the model acquires the R-symmetry shown in the last column of Tab. 1. This term allows
13Although not relevant to our analysis, for definiteness we assume that the uˆcdˆcdˆc term is forbidden by, for
instance, R-parity or baryon number conservation.
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for a chirality flipped type-II seesaw of superoperator LˆLˆHˆuHˆu, as shown in the right-hand side
supergraph of Fig. 10. The broken L-number phase corresponds to
λρˆXˆ3Xˆ3 →MX3Xˆ3Xˆ3 + λρˆXˆ3Xˆ3 , MX3 := λ〈ρ〉 . (48)
SU(2)L ⊗ U(1)Y U(1)X U(1)L U(1)R
∆ˆ (3, 1) 0 −2 4
ρˆ (1, 0) 0 2 0
Xˆ1 (2,−1/2) 1 1 −2
Xˆ2 (2,−1/2) −1 1 0
Xˆ3 (1, 0) 1 −1 0
Xˆ3 (1, 0) −1 −1 2
Table 1: Extension of the MSSM in the model example. We omitted the conjugates of ∆ˆ and
Xˆ1,2. U(1)R stands for an R-symmetry that is acquired as λ¯X → 0.
It is now convenient to notice that, as any coupling in {λ1, λ2, λL}, or both λX and any in
{λ¯X ,M∆,MX1 ,MX2}, goes to zero the model recovers a L-number symmetry, any superoperator
that breaks L-number must be proportional to
a := λ1λ2λLλ
∗
X or M∆MX1MX2 b := λ1λ2λLλ¯XM∆MX1MX2 . (49)
Hence, the set of LO (w.r.t. perturbation theory only, i.e. disregarding hypothetical hierarchies
among couplings or masses) superoperators that break L-number proceed from the two super-
graphs of Fig. 10 (and no others) and are
D2(LˆLˆ)HˆuHˆu , LˆLˆHˆuHˆu . (50)
In the pext → 0 limit the LO coefficients are given by
−
(
aMX3
32pi2M2∆
)
C0 ,
(
bMX3MX1MX2
32pi2M∆
)
D0,0 , (51)
respectively, and where C0 and D0 are abbreviations of scalar one-loop 3- and 4-point integrals,
respectively, as defined in Appendix F. In the SUSY limit LO L-number breaking is thus∫
d4θD2(LˆLˆ)HˆuHˆu = −(L˜L˜)
[
H˜uH˜u + 2FHuHu
]
−(HuHu)
[
LL+ 2FLL˜
]
+4 (pL + pL˜)
2 LH˜uL˜Hu , (52)
while
∫
d4θLˆLˆHˆuHˆu = 0. Hence, we see that there is no pure-
SUSYEWSB contribution to neutrino
masses. An equivalent way to arrive at this conclusion is the following. Of the two supergraphs,
only the first has a non-vanishing (non-trivial) 1PI part. It reads∫
d4θ ∆ˆ†HˆuHˆu = 2∆˜†α˙(pH˜u + pHu)βα˙H˜
β
uHu + F
†
∆
(
H˜uH˜u + 2FHuHu
)
−∆†(HuHu) . (53)
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Then, by adding to the classical Lagrangian these operators, one sees that 〈FHu〉 = µ∗〈H†d〉 6= 0
generates a tadpole contribution to F †∆ ⊃ M∆∆. Thus, ∆ acquires a VEV. However, as there
is no mixing between ∆ and ∆, this VEV is inconsequential for neutrino masses. On the other
hand, whenSUSYEWS contributions are considered, 〈∆〉 6= 0 will give a contribution to neutrino
masses by means of the soft-SUSY term B∆∆∆. We will comment on this below.
It is instructive to illustrate in terms of component fields why there is no pure-SUSYEWSB
contribution to LLHH. In order to yield LLHH, the first supergraph of Fig. 10 necessitates the
three-scalar coupling ∆†HuHu. There are three topologies contributing to this coupling at LO:
two with scalars in the loop and the other with spinors (see Fig. 11). In the pext → 0 limit the
latter cancels the former exactly. Another way to look at this result is the following. If one draws
diagrams for ∆†HuHu using auxiliary fields – so that holomorphy becomes more transparent – one
concludes that there does not exist a single diagram that is simultaneously holomorphy compliant
and has at least an external F † − F pair. Moreover, all such diagrams that are holomorphy
compliant can be paired in sets in such a way that a set with scalar loops is matched to a set with
spinor loops and an exact cancellation in the pext → 0 limit is operative. Regarding the second
supergraph, it necessitates F∆HuHu but no holomorphy compliant diagram for F∆HuHu can be
drawn.
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Figure 11: Leading order diagrams for ∆†HuHu in the model example.
By recalling the discussion in Sec. 3.1, one can see that the pure-SUSYEWSB subset of OPν
comprises at LO the dimension-7 operators generated by the supergraphs depicted in Fig. 12.
(Insertions of gauge vector superfields into the second supergraph of Fig. 10 have been omitted as
they add up to zero, cf. Sec. 3.1.) They generate the superoperators
D2(LˆLˆ)HˆuHˆuVˆU(1)Y , D
2(LˆLˆ)HˆuHˆuVˆSU(2)L , D
2(LˆLˆ)HˆuHˆuHˆ
†
uHˆu , LˆLˆHˆuHˆuHˆ
†
uHˆu , (54)
with LO coefficients
g′aMX3C0
32pi2M2∆
,
gaMX3C0
16pi2M2∆
,
− aMX3
32pi2M2∆
2∑
i=1
|λi|2
(
D0,3 +M
2
XiE0,i
)
,
bMX3MX1MX2
32pi2M∆
2∑
i=1
|λi|2E0,i ,
(55)
respectively. More explicit expressions are given in Appendix F.1, in particular Eq. (89) and Eq. (91).
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Hence, the LO pure-SUSYEWSB subset of OPν is
− 1
64pi2M2∆MX
(
a
[
g2
2c2w
(LHu) (LHu)H
†
uHu +
(
g2c2w
2c2w
+
|µ|2(|λ1|2 + |λ2|2)
6M2X
)
(LHu) (LHu)H
†
dHd
+
(
g2 − |µ|
2(|λ1|2 + |λ2|2)
3M2X
)
(LHu) (HuHd)H
†
dL
]
+
bM∆µ (|λ1|2 + |λ2|2)
6M2X
(LHu) (LHu) (HuHd)
)
, (56)
where we have taken the simplifying limit MX1,2,3 = MX (cf. Eq. (90) and Eq. (92)). From this
expression we can see that the gauge couplings’ contribution to neutrino masses, which reads
m
SUSYEWSB
ν ⊃ −
g2a
64pi2c2w
v4
M2∆MX
c2βs
2
β , (57)
vanishes at vu = vd. This agrees with the fact that the contribution is ∝ 〈D〉 since vu = vd
corresponds to the D-flat direction of the scalar potential.
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Figure 12: Leading order supergraphs for the pure-SUSYEWSB subset of OPν in the model exam-
ple.
To understand, in terms of component fields, how these insertions are enablers of contributions
to OPν consider the following. As the insertion of an external auxiliary component of a gauge
vector superfield (D) into a scalar line preserves chirality (or, diagrammatically, the arrowhead’s
direction), any holomorphy compliant diagram with aD attached has a corresponding (underlying)
holomorphy compliant diagram without that D. Since in our example we are considering a single
D insertion, the LO underlying diagrams are the ones depicted in Fig. 11, and no others. Once an
external D is attached to an internal scalar line, the spinor loop diagram does not contribute and
the sum of the others need not vanish anymore to respect the SUSY non-renormalisation theorem.
Regarding the Hˆ†uHˆu insertion, one can see that it allows for holomorphy compliant diagrams with
an external F † − F pair by means of attaching F †Hu and FHu to the scalar loop.
The LO subset of OPν is composed of dimension-5 operators that come from 
SUSYEWS.
Complete expressions for these operators up to order 3 in msoft are given in Appendix F.2. Here
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we take the simplifying limits MX1,2,3 = MX , (m
2
soft)X1,2,3 = (m
2
soft)X1,2,3 = m
2
soft, A1,2 = A and
BX1,2,3 = BX . Eq. (93) then reads
1
64pi2M2∆
(
a
[
2m2soft
MX
+
2A
MX
(
A∗X −
B∆
M∆
)
− A
∗
XBX
M2X
]
+ bM∆
BX
M2X
)
LLHuHu
− a
32pi2M2∆
(
µ∗
MX
)[
A∗X
(
1− m
2
soft
M2X
− (m
2
soft)∆
M2∆
)
− B∆
M∆
]
LLHuH
†
d
− a
192pi2M2∆
(
µ∗
MX
)2 A∗XBX
M2X
LLH†dH
†
d . (58)
The discussion surrounding Fig. 11 already suggested that one type ofSUSY contribution would
come from the mass splittings within components of chiral scalar superfields, as induced by m2soft
and BX , since they introduce a mismatch in the cancellation between spinor and scalar loops.
However, unlike m2soft, B insertions reverse chirality. Thus, while a single chirality flip in a
scalar line makes holomorphy compliant diagrams for F∆HuHu possible – and that is why there
is a BX -term contribution from the second supergraph (identified by the b dependence in the
expression above) –, a singleSUSY insertion of a BX disables holomorphy compliant diagrams for
∆†HuHu and hence the absence of a single BX -term contribution proportional to a for LLHuHu
(cf. Eq. (93)). For LLHuH
†
d such a contribution can be holomorphy compliant
14 due to an external
F (FHu → µ∗H†d). Concerning contributions proportional to B∆, they rely on the fact that EWSB
induces, at the one-loop level, a VEV for ∆ which, through B∆, induces a VEV for ∆ and hence
LL〈∆〉 ⊂ ∫ d2θW. In fact, one can confirm that the dependence of LLHuH†d on B∆ is what one
obtains from LL〈∆〉, where 〈∆〉 is computed by following the route
〈H〉 −−−−−−−−−→∫
d4θ ∆ˆ†HˆuHˆu
〈∆〉 −−−−→
B∆∆∆
〈∆〉 . (59)
In order to obtain the B∆ dependence of LLHuHu, one must take into account the shift in 〈∆〉
induced bySUSY. To leading order, this shift is proportional to A1 +A2.
6 Conclusions
While the smallness of mν points towards an high seesaw scale M , the resolution of the hierarchy
problem suggests that the scale of soft-SUSY should lie close to the TeV scale. It is then tempting
to conceive that msoft/M is partially responsible for mν  v. Since in the SUSY limit there are
no radiative corrections to the superpotential, models in which neutrino masses arise at the loop
level provide a scenario in which such a connection is natural. How mν is proportional to
SUSY
depends on the particular radiative seesaw model or, more specifically, on the form of the leading
L-number breaking superoperators.
By classifying the dependence onSUSY according to their involvement in EWSB, we identified
a subset of model-topologies in which the leading contributions to mν depend on 
SUSY sources
that are not involved in EWSB. In a first stage, we argued in favour of this by showing that,
of all superoperators that can possibly contribute to neutrino masses, there is a subset which
does it only by means of insertions of SUSY spurions. Then, in a second stage, we gave a
complete description of the simplest model-topologies in which all leading superoperators were of
14 It does not appear in the expression above due to a fortuitous cancellation in the simplifying limit we have
taken, cf. Eq. (93).
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this type, and calculated their dependence on soft-SUSY up to order 3. We found that all one-loop
realisations generated LLHH operators with a leading dimensionful dependence that ranged from
µmsoft/M
3 or m2soft/M
3 to µm2soft/M
4 or m3soft/M
4.
Even though the majority of all conceivable model-topologies do in fact generate contributions
to mν proportional to 
SUSYEWS, we pointed out that all models in the literature15 that we are
aware of generate at least one leading topology that gives a contribution in which allSUSY sources
are involved in EWSB. To serve as a proof of existence of models in which mν is proportional to
SUSYEWS at leading order, we built a model in which the leading neutrino mass operators were
of dimension-5 and came fromSUSYEWS, whereas the pure-
SUSYEWSB ones had dimension-7.
One phenomenologically interesting aspect of these models is that soft-SUSY effects generating
the leading order mν can be quite small without conflicting with lower limits on the mass of new
particles. This is due to the fact that these effects involve states that can possess superpotential
mass terms in the EWS phase, as we have seen in the model example. This is in contrast with
models that contain pure-SUSYEWSB contributions to mν at leading order, because µ and the soft-
SUSY effects driving EWSB provide the dominant contribution to the mass of the corresponding
states, and are therefore severely constrained by present lower limits on sparticle masses.
If one conceives the leading order mν to be small as a result of some small scale (say m) in the
underlying soft-SUSY effects, its explanatory value for the smallness of mν must be confronted
with the size of next-to-leading order contributions that are insensitive tom. These next-to-leading
contributions do appear at the same loop level in the form of operators of higher dimension, but
can also appear as higher-loop contributions to operators of leading dimension. For instance, in
the model example the former were dimension-7 operators proportional to µ/M or g2, whereas
the latter arise as two-loop contributions to dimension-5 operators. These are proportional to:
• µ2/M2 (and µA∗`/M2), due to superpotential terms involving the “wrong” Higgs. To be
specific, LˆLˆHˆuHˆ
†
d is generated by a 1PI two-loop topology that is constructed from the
1-loop topology in the left-hand side of Fig. 10 by means of the coupling Y`Lˆeˆ
cHˆd ⊂ W ;
• mE˜W/M , due to topologies with internal EW gauge vector superfields in which a EWino
mass term (mE˜W) is inserted.
In this particular model, and taking µ ∼ 2 TeV, one can obtain 0.1 eV . mν . 1 eV with seesaw
mediators (∆ˆ’s and Xˆ’s) lying at ∼ 10 TeV and order 0.1 couplings, provided m . 100 GeV.
The parameter space of these models is quite rich as there are many couplings and masses
involved in the generation mν . From a qualitative point of view, one can identify two overlapping
regions of parameter space of potential phenomenological interest. An interesting region is the
one in which both µ and m are particularly small w.r.t. M , while higher-order contributions to
mν that are independent of both µ and m remain subleading. In this region a small mν/v can be
generated with even larger couplings and/or lighter seesaw mediators. Since mν is sensitive to at
least the fourth power of couplings involved in L-number breaking, another possibly interesting
region comprises a lighter M at the expense of slightly weaker couplings. For instance, in the
model of Sec. 5, decreasing all the couplings by a factor of 1/2 allows to decrease MX by a
factor of 1/10 while keeping mν fixed. A detailed phenomenological analysis of this model will be
presented in a future publication.
To summarise, we have shown that there exist radiative seesaw models in which mν/v  1 can
be explained by msoft/M  1 with M not very far above the EW scale. Under the assumption
15Barring those in which L-number is a symmetry of the superpotential that is broken by theSUSY sector.
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of L-number breaking at the superpotential level and low M , this explanation can be regarded
to be more natural than that of tree-level seesaws in the sense that it does not require very
small superpotential couplings (as canonical seesaws do) nor does it require two very different
superpotential mass scales (as inverse seesaws do).
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A Trilinear with two Higgses
Let Zˆ be involved in a trilinear with two Higgses (Hˆ, Hˆ ′) and Zˆ be the conjugate of Zˆ, as specified
by the following superpotential terms
λZˆHˆHˆ ′ + µZZˆZˆ . (60)
Now suppose that the F †Z component of Zˆ
† is involved in the generation of some operator OP, i.e.
OPF †Z ⊂
∫
d4θ ÔP Zˆ† , (61)
for some suitable ÔP. The terms of the effective Lagrangian involving FZ or Z are then
− Z†Z + F †ZFZ −
(
−OP†FZ + λFZHH ′ + µZFZZ + H.c.
)
, (62)
apart from other possible interactions involving FZ or Z that are not relevant for the following.
Using the equations of motion for FZ gives
− Z†Z −
∣∣∣−OP† + λHH ′ + µZZ∣∣∣2 ⊂ Leff . (63)
Now, by using the equations of motion for Z one sees that the terms involving λOPHH ′ add up
as follows
OPλHH ′ + OP
|µZ |2
−− |µZ |2λHH
′ = λOP
−
−− |µZ |2HH
′ ⊂ Leff , (64)
as we wanted to show. An easier way to obtain this result is by evaluating the supergraph depicted
in Fig. 13. One finds,
λ
∫
d4θ ÔP
1
−− |µZ |2D
2(HˆHˆ ′) ⊃ λOP −−− |µZ |2 (HH
′) . (65)
We now note that Z is an Higgs in its own right, since 〈HH ′〉 6= 0 gives a tadpole for Z. Thus,
it seems that there is a contribution to OP⊗Higgses which is non-derivative in Higgses
OP
(
µZZ + λHH
′) = OPF †Z . (66)
However, 〈µZZ + λHH ′〉 = 0 up to SUSY effects. In the following we evaluate the effects of
soft-SUSY on 〈F †Z〉 6= 0, and, as a result, on the generation of a non-derivative OP ⊗ Higgses
which upon EWSB yields OP.
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Figure 13: Supergraph containing the trilinear contribution (F †Z ⊃ λHH ′) to OP⊗Higgses.
We take the VEVs of H’s to be, for all practical purposes, fixed. Then, 〈F †Z〉 is proportional
to the shift in 〈Z〉 induced by soft-SUSY terms involving Z or Z. The relevant part of the scalar
potential reads
m2Z |Z|2 +m2Z |Z|2 +
(
BZZZ + λAZHH
′ + H.c.
)
+
(
λµ∗ZHH
′Z† + H.c.
)
+ |λ|2 (|H|2 + |H ′|2) |Z|2
+
(
λµ∗ZH ′H† + λµ′∗ZHH ′† + H.c.
)
⊂ V , (67)
where µ and µ′ are conceivable HˆHˆ and Hˆ ′Hˆ ′ superpotential bilinears, and
m2
Z,Z
:= |µZ |2 + (m2soft)Z,Z . (68)
One then finds
〈F †Z〉 = λ〈HH ′〉
(
1 +
µZ
(
AB∗Z −m′2Zµ∗Z
)
m′2Zm
2
Z
− |BZ |2
)
+ λµZB
∗
Z
(
µ∗〈H†H ′〉+ µ′∗〈HH ′†〉
m′2Zm
2
Z
− |BZ |2
)
, (69)
where m′2Z := m
2
Z + |λ|2
(|〈H〉|2 + |〈H ′〉|2). Expanding this expression up to order 3 in msoft gives
〈F †Z〉 '
(m2soft)Z
|µZ |2 λ〈HH
′〉+ λµZB
∗
Z
|µZ |4
(
A〈HH ′〉+ µ∗〈H†H ′〉+ µ′∗〈HH ′†〉
)
. (70)
B Soft SUSY breaking insertions
Our conventions regarding soft-SUSY are the following. For superpotential bilinears normalised
as
M Φˆ1Φˆ2 ,
M
2
Φˆ2 ⊂ W , (71)
so that M are canonical tree-level masses, the corresponding soft-SUSY bilinears are
(m2soft)iΦ
†
iΦi +
(
BΦ1Φ2 + H.c.
)
, m2softΦ
†Φ +
(
B
2
Φ2 + H.c.
)
⊂ −L . (72)
Regarding holomorphic soft-SUSY trilinears, for each superpotential trilinear
λΦˆ1Φˆ2Φˆ3 ⊂ W , (73)
we define the so-called A-terms by factoring out λ, i.e.
λAΦ1Φ2Φ3 ⊂ −L . (74)
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Gaugino mass terms are not relevant to our analysis. Regarding non-holomorphic soft-SUSY
trilinears, we disregard them as they are expected to be very suppressed w.r.t. the others. As to
mass terms for the spinor component of chiral scalar superfields, they can be reabsorbed into a
redefinition of superpotential mass terms, m2soft and non-holomorphic trilinears.
Soft-SUSY effects are taken into account in supergraph calculations by means of considering
the vertices given in Eq. (42). As perturbation theory in superspace is simpler than the ordinary
QFT treatment, this approach is preferable as long as msoft/M is small.
Soft-SUSY insertions have the following diagrammatic representation. An A-term insertion is
vertex of definite chirality promoted to a grey blob. m2soft- and B-terms are grey blobs inserted
into propagators. For each type of propagator (ΦˆΦˆ and ΦˆΦˆ†) there are two possibilities as we
proceed to explain. A (anti-)chiral B-term introduces either a D¯2 (D2) or a D2 (D¯2) and two D¯2
(D2), corresponding to the replacement of a Φˆ†Φˆ† (ΦˆΦˆ) propagator by a B-term blob or to an
insertion into a ΦˆΦˆ† propagator by adjoining a ΦˆΦˆ (Φˆ†Φˆ†) propagator, respectively. The insertion
of m2soft introduces a D
2 and a D¯2 or two D¯2D2, corresponding to a simple insertion or an insertion
adjoined by propagators ΦˆΦˆ and Φˆ†Φˆ†. All these possibilities are summarised in Fig. 14.
D2
D2 D2
D2D¯2D¯2D2
D2D¯2 D2
D¯2D2D2{m2soft{B
D¯2D2 D2
D¯2D2D¯2
D¯2 D2
D¯2D2D¯2D2{m2soft{B
Figure 14: B and m2soft insertions into ΦˆΦˆ (up row) and ΦˆΦˆ
† (down row) propagators.
In the following tables we list the soft-SUSY insertions up to order 3 in msoft for the topologies
identified in Fig. 8. For each insertion set we give the D-algebra result – abbreviating SUSY
spurions by
Kˆ := Xˆ†Xˆ (75)
– and whether it yields an OP ∈ OPν – if yes, we identify the operator and its dependence on
soft-SUSY. We have simplified the D-algebra results by taking advantage of the fact that Kˆ’s are
pure-spurions, i.e. Kˆ ∼ θ2θ¯2. In particular, and since the result is local in θ, expressions with too
many θ’s from Kˆ’s vanish. An unassigned D-algebra result (denoted by an horizontal line) differs
from a zero in the sense that it vanishes even if Kˆ’s are not pure-spurions.
We do not display insertions that are redundant due to some symmetry of the supergraph. For
example, consider the topology analysed in Tab. 2. Since this supergraph topology is symmetric
under the interchange of the two chiral vertices of the triangle, the insertion of an A-term into
the upper chiral vertex leads to the same result as an insertion into the lower chiral vertex.
We also do not display insertions into the 1PR propagator when the non-trivial 1PI part has
a definite chirality, as in this case the result is trivially zero up to order 3 in msoft. Thus, the
only topology whose insertions into the 1PR propagator we display is the one underlying both
D2(LˆLˆ)HˆuHˆu and LˆLˆD
2(HˆuHˆu) (see Tab. 5).
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To see that the results in the following tables agree with Eq. (43), we note that∫
d4θD2KˆD¯2Kˆ ÔP =
∫
d4θ KˆD2D¯2Kˆ ÔP ,∫
d4θ D¯2KˆD2Kˆ
{
D2ÔP or D¯2ÔP
}
=
∫
d4θ
{
D2Kˆ or D¯2Kˆ
}
D2D¯2Kˆ ÔP .
(76)
Supergraph D-algebra result OP ∈ OPν
D2
D¯2
D2
D¯2
D2
D2
D2Kˆ
(A∗µ∗)
LLHuH
†
d
D2
D¯2
D2
D¯2
D2
D¯2
D¯2Kˆ —–
D2D¯2
D¯2
D2
D¯2
D2
D2(D¯2KˆAˆAˆ) —–
D2
D¯2
D2
D¯2
D2
D2
D¯2
D2KˆD¯2Kˆ
i: (A∗A)
LLHuHu
D2
D¯2
D2
D¯2
D2
D¯2
D¯2
0 —–
Supergraph D-algebra result OP ∈ OPν
D2D¯2
D¯2
D2
D¯2
D2
D¯2
D¯2KˆD2(D¯2KˆAˆAˆ) —–
D2D¯2
D¯2
D2
D¯2
D2
D2
D2KˆD2(D¯2KˆAˆAˆ)
ii: (A∗A)
LLHuHu
D2
D¯2
D2
D¯2
D2
D2
D¯2
D¯2
0 —–
D2D¯2
D¯2
D2
D¯2
D2
D¯2
D¯2
0 —–
D2D¯2
D¯2
D2
D¯2
D2
D2
D¯2
D2KˆD¯2KˆD2(D¯2KˆAˆAˆ) —–
Table 2: A-term insertions up to order 3 in the soft-SUSY scale for the one-loop topology un-
derlying both D2(LˆLˆ)HˆuHˆu (“i”) and LˆLˆD
2(HˆuHˆu) (“ii”) superoperators. Aˆ is given by Lˆ or
Hˆu, depending on whether the superoperator under evaluation is “i” or “ii”, respectively. When
a given OP ∈ OPν entry stands for only one of the superoperators, we identify it by starting with
“i” or “ii”.
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Supergraph D-algebra result OP ∈ OPν
D2
D¯2
D2
D2
D¯2
D2 D
2Kˆ (*) (B∗µ∗)
D2BˆD¯2D2Kˆ LLHuH
†
d
D2
D¯2
D2
D2
D¯2
D2
D2
D2BˆD2D¯2KˆD2Kˆ
i: (A∗B∗(µ∗)2)
LLH†dH
†
d
D2
D¯2
D2
D2
D¯2
D2
D¯2 D¯2KˆD2Kˆ (*) i: (AB∗)
D2(BˆD¯2Kˆ)D¯2D2Kˆ LLHuHu
D2D¯2
D¯2
D2
D2
D¯2
D2 {D2Kˆ,D2BˆD¯2D2Kˆ} ii: (AB∗)
×D2(D¯2KˆAˆAˆ) (*) LLHuHu
D2
−D¯2
−D¯2
D2
D¯2Kˆ —–
D2
−D¯2
−D¯2
D2
D2
D2KˆD¯2Kˆ
i: (A∗B)
LLHuHu
D2
−D¯2
−D¯2
D2
D¯2
0 —–
D2D¯2
−D¯2
−D¯2
D2
D¯2KˆD2(D¯2KˆAˆAˆ) —–
Supergraph D-algebra result OP ∈ OPν
D2
D¯2
D2
D¯2
−D2
D2
D2Kˆ
(B∗µ∗)
LLHuH
†
d
D2
D¯2
D2
D¯2
−D2
D2
D2
0 —–
D2
D¯2
D2
D¯2
−D2
D2
D¯2
D2KˆD¯2Kˆ
i: (AB∗)
LLHuHu
D2
D¯2
D2
D¯2
−D2
D2
D¯2
D2KˆD¯2Kˆ
i: (AB∗)
LLHuHu
D2D¯2
D¯2
D2
D¯2
−D2
D2
D2KˆD2(D¯2KˆAˆAˆ)
ii: (AB∗)
LLHuHu
D2
D¯2
D2
D¯2
D¯2
D2
D¯2
D2
D¯2Kˆ —–
D2
D¯2
D2
D¯2
D¯2
D2
D¯2
D2
D2
D2KˆD¯2Kˆ
i: (A∗B)
LLHuHu
D2
D¯2
D2
D¯2
D¯2
D2
−D¯2
0 —–
D2
D¯2
D2
D¯2
D¯2
D2
D¯2
D2
D¯2
0 —–
D2D¯2
D¯2
D2
D¯2
D¯2
D2
D¯2
D2
D¯2KˆD2(D¯2KˆAˆAˆ) —–
Table 3: Same as in Tab. 2 but now for insertions of B and A×B into the non-trivial 1PI part. Bˆ is
given by Hˆu or Lˆ, depending on whether the superoperator under evaluation is D
2(LˆLˆ)HˆuHˆu (“i”)
or LˆLˆD2(HˆuHˆu) (“ii”), respectively. When the D-algebra returns several results, we underline
the one which yields an OP ∈ OPν . (*) stands for omitted terms that vanish as pext → 0.
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Supergraph D-algebra result OP ∈ OPν
D2
D¯2
D2
−D¯2
D2 Kˆ (*) i: (m
2
soft)
D2BˆD¯2Kˆ LLHuHu
D2
D¯2
D2
−D¯2
D2
D2
D2BˆD¯2KˆD2Kˆ
i: (A∗m2softµ
∗)
LLHuH
†
d
D2
D¯2
D2
−D¯2
D2
D¯2
D2D¯2KˆD¯2Kˆ —–
D2D¯2
D¯2
D2
−D¯2
D2 {Kˆ,D2BˆD¯2Kˆ}
—–
×D2(D¯2KˆAˆAˆ) (*)
D2
D¯2
D2
−D¯2D2 Kˆ (*) i: (m
2
soft)
D2BˆD¯2Kˆ LLHuHu
D2
D¯2
D2
−D¯2D2
D2
D2BˆD¯2KˆD2Kˆ
i: (A∗m2softµ
∗)
LLHuH
†
d
D2
D¯2
D2
−D¯2D2
D¯2
0 —–
D2D¯2
D¯2
D2
−D¯2D2 {Kˆ,D2BˆD¯2Kˆ} —–
×D2(D¯2KˆAˆAˆ) (*)
Supergraph D-algebra result OP ∈ OPν
D2
D¯2
D2
D¯2
D¯2
D2
D2 Kˆ (*) i: (m2soft)
D2D¯2Kˆ LLHuHu
D2
D¯2
D2
D¯2
D¯2
D2
D2
D2
D2KˆD2D¯2Kˆ
(A∗m2softµ
∗)
LLHuH
†
d
D2
D¯2
D2
D¯2
D¯2
D2
D2
D¯2
D¯2KˆD2D¯2Kˆ —–
D2
D¯2
D2
D¯2
D¯2
D2
D2
D¯2
D¯2KˆD2D¯2Kˆ —–
D2D¯2
D¯2
D2
D¯2
D¯2
D2
D2 {Kˆ,D2D¯2Kˆ}
—–
×D2(D¯2KˆAˆAˆ) (*)
D2
D¯2
D2
D¯2
−D2
D¯2
D2
Kˆ
i: (m2soft)
LLHuHu
D2
D¯2
D2
D¯2
−D2
D¯2
D2
D2
0 —–
D2
D¯2
D2
D¯2
−D2
−D¯2
0 —–
D2
D¯2
D2
D¯2
−D2
D¯2
D2
D¯2
0 —–
D2D¯2
D¯2
D2
D¯2
−D2
D¯2
D2
KˆD2(D¯2KˆAˆAˆ) —–
Table 4: Same as in Tab. 3 but now for insertions of m2soft and A×m2soft.
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Supergraph D-algebra result OP ∈ OPν
−D2
D2 D¯
2
D2
D¯2
D2
D2Kˆ
(B∗µ∗)
LLHuH
†
d
−D2
D2 D¯
2
D2
D¯2
D2
D2
0 —–
−D2
D2 D¯
2
D2
D¯2
D2
D¯2
D2KˆD¯2Kˆ
i: (AB∗)
LLHuHu
−D2
D2D¯2 D¯
2
D2
D¯2
D2
D2KˆD2(D¯2KˆAˆAˆ)
ii: (AB∗)
LLHuHu
D2
D2D¯2D¯2 D¯
2
D2
D¯2
D2
D2(D¯2KˆAˆAˆ) —–
D2
D2D¯2D¯2 D¯
2
D2
D¯2
D2
D2
D2KˆD2(D¯2KˆAˆAˆ) —–
D2
D2D¯2D¯2 D¯
2
D2
D¯2
D2
D¯2
D¯2KˆD2(D¯2KˆAˆAˆ) —–
D2
−D¯2 D¯2 D¯2
D2
D¯2
D2
0 —–
Supergraph D-algebra result OP ∈ OPν
D¯2
D2
D2 D¯
2
D2
D¯2
D2
D2D¯2(D2(AˆAˆ)Kˆ) —–
D¯2
D2
D2 D¯
2
D2
D¯2
D2
D2
D2KˆD2D¯2(D2(AˆAˆ)Kˆ)
(A∗m2softµ
∗)
LLHuH
†
d
D¯2
D2
D2 D¯
2
D2
D¯2
D2
D¯2
D¯2KˆD2D¯2(D2(AˆAˆ)Kˆ) —–
D¯2
D2
D2D¯2 D¯
2
D2
D¯2
D2
D2D¯2(D2(D¯2KˆAˆAˆ)Kˆ) —–
−D2
D2D¯2 D¯
2
D2
D¯2
D2
D2(KˆAˆAˆ)
ii: (m2soft)
LLHuHu
−D2
D2D¯2 D¯
2
D2
D¯2
D2
D2
0 —–
−D2
D2D¯2 D¯
2
D2
D¯2
D2
D¯2
D¯2KˆD2(KˆAˆAˆ) —–
−D2
−D¯2 D¯2
D2
D¯2
D2
0 —–
Table 5: Same as in Tab. 3 and Tab. 4 but now for B and m2soft insertions into the 1PR propagator.
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Supergraph D-algebra result OP ∈ OPν
D2
D2
D¯2
D2
D2
D¯2
D¯2
D2
—– —–
D2
D2
D¯2
D2
−D2
D¯2
D2
—– —–
D2
D2
D¯2
D2
−D2
−D2
—– —–
Supergraph D-algebra result OP ∈ OPν
D2
D2
D¯2
D¯2
D2
D2
D¯2
D¯2
D¯2Kˆ
(Bµ)
LLHuH
†
d
D2
D2
D¯2
D¯2
D2
D2
D¯2
D¯2
D2
D2KˆD¯2Kˆ
(A∗B)
LLH†dH
†
d
D2
D2
D¯2
D¯2
D2
−D2
D¯2
D2KˆD¯2Kˆ
(A∗B)
LLH†dH
†
d
D2
−D2
−D2
D2
D¯2
D¯2
—– —–
D2
−D2
−D2
D2
D¯2
D¯2
D2
—– —–
D2
−D2
−D2
−D2
D¯2
—– —–
Supergraph D-algebra result OP ∈ OPν
D2
D2
D¯2
−D2
D2
D¯2
D¯2
Kˆ
(m2soft)
LLH†dH
†
d
D2
D2
D¯2
−D2
D2
D¯2
D¯2
D2
0 —–
D2
D2
D¯2
−D2
−D2
D¯2
0 —–
D2
D2
D¯2
−D2D2
D¯2
D¯2
Kˆ
(m2soft)
LLH†dH
†
d
D2
D2
D¯2
−D2D2
D¯2
D¯2
D2
0 —–
D2
D2
D¯2
−D2−D
2
D¯2
0 —–
Table 6: Soft-SUSY insertions up to order 3 in the soft-SUSY scale for one-loop D2(LˆLˆ)Hˆ†dHˆ
†
d.
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Supergraph D-algebra result OP ∈ OPν
D¯2
D¯2
D2
D¯2
D¯2
D2
D2
D¯2
—– —–
D¯2D2
D¯2
D2
D¯2
D¯2
D2
D2
D¯2(D2KˆHˆ†dHˆ
†
d) —–
D2 D¯2
D¯2
D2
D¯2
D¯2
D2
D2
D¯2
—– —–
Supergraph D-algebra result OP ∈ OPν
D¯2
D¯2
D2
D2
D¯2
D¯2
D2
D2
D2Kˆ
(B∗µ)
LLHuH
†
d
D¯2
D¯2
D2
D2
D¯2
D¯2
D2
D2
D¯2
D¯2KˆD2Kˆ —–
D¯2D2
D¯2
D2
D2
D¯2
D¯2
D2
D2
D2KˆD¯2(D2KˆHˆ†dHˆ
†
d)
(A∗B∗)
LLH†dH
†
d
D¯2
−D¯2
−D¯2
D¯2
D2
D2
—– —–
D¯2
−D¯2
−D¯2
D¯2
D2
D2
D¯2
—– —–
D¯2D2
−D¯2
−D¯2
D¯2
D2
D2
—– —–
Supergraph D-algebra result OP ∈ OPν
D¯2
D¯2
D2
−D¯2
D¯2
D2
D2
Kˆ —–
D¯2
D¯2
D2
−D¯2
D¯2
D2
D2
D¯2
0 —–
D¯2D2
D¯2
D2
−D¯2
D¯2
D2
D2
KˆD¯2(D2KˆHˆ†dHˆ
†
d) —–
D¯2
D¯2
D2
−D¯2D¯2
D2
D2
Kˆ —–
D¯2
D¯2
D2
−D¯2D¯2
D2
D2
D¯2
0 —–
D¯2D2
D¯2
D2
−D¯2D¯2
D2
D2
KˆD¯2(D2KˆHˆ†dHˆ
†
d) —–
Table 7: Soft-SUSY insertions up to order 3 in the soft-SUSY scale for one-loop LˆLˆD¯2(Hˆ†dHˆ
†
d).
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Supergraph D-algebra result OP ∈ OPν
D¯2D2
D¯2
D2
D¯2
D¯2
D2
D2
D¯2
—– —–
D¯2D2
D¯2
D2
D¯2
−D¯2
D2
D¯2
—– —–
D¯2D2
D¯2
D2
D¯2
−D¯2
−D¯2
—– —–
Supergraph D-algebra result OP ∈ OPν
D¯2D2D¯2
D¯2
D2
D¯2
D¯2
D2
D2
D¯2Kˆ —–
D¯2D2D¯2
D¯2
D2
D¯2
D¯2
D2
D2
D¯2
0 —–
Supergraph D-algebra result OP ∈ OPν
D¯2D2
D¯2
D2
D2
D¯2
D¯2
D2
D2
D2Kˆ
(B∗)
LLHuHu
D¯2D2
D¯2
D2
D2
D¯2
D¯2
D2
D2
D¯2
D2KˆD¯2Kˆ —–
D¯2D2
D¯2
D2
D2
D¯2
D¯2
D2
D2
D¯2
D2KˆD¯2Kˆ —–
D¯2D2D¯2
D¯2
D2
D2
D¯2
D¯2
D2
D2
D2KˆD¯2Kˆ —–
D¯2D2
−D¯2
−D¯2
D¯2
D2
D2
—– —–
D¯2D2
−D¯2
−D¯2
D¯2
D2
D2
D¯2
—– —–
D¯2D2
−D¯2
−D¯2
D¯2
D2
D2
D¯2
—– —–
D¯2D2D¯2
−D¯2
−D¯2
D¯2
D2
D2
—– —–
Supergraph D-algebra result OP ∈ OPν
D¯2D2
D¯2
D2
−D¯2
D¯2
D2
D2
Kˆ —–
D¯2D2
D¯2
D2
−D¯2
D¯2
D2
D2
D¯2
0 —–
D¯2D2
D¯2
D2
−D¯2
D¯2
D2
D2
D¯2
0 —–
D¯2D2D¯2
D¯2
D2
−D¯2
D¯2
D2
D2
0 —–
D¯2D2
D¯2
D2
−D¯2D¯2
D2
D2
Kˆ —–
D¯2D2
D¯2
D2
−D¯2D¯2
D2
D2
D¯2
0 —–
D¯2D2
D¯2
D2
−D¯2D¯2
D2
D2
D¯2
0 —–
D¯2D2D¯2
D¯2
D2
−D¯2D¯2
D2
D2
0 —–
Table 8: Soft-SUSY insertions up to order 3 in the soft-SUSY scale for one-loop 1PR LˆLˆHˆuHˆu.
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Supergraph D-algebra result OP ∈ OPν
D¯2 D2 D¯2
D¯2 D2 D¯2
D2 D2
D¯2
—– —–
Supergraph D-algebra result OP ∈ OPν
D¯2 D2 D¯2
D¯2 D2 D¯2
D2 D2
D¯2 D¯2
—– —–
D¯2 D2 D¯2
D¯2 D2 D¯2
D2 D2
D¯2
D¯2
—– —–
Supergraph D-algebra result OP ∈ OPν
D¯2D2 D2D¯2
D¯2 D2 D¯2
D2 D2 D2Kˆ
(B∗)
LLHuHu
D¯2D2 D2D¯2
D¯2 D2 D¯2
D2 D2
D¯2
D2KˆD¯2Kˆ —–
D¯2D2 D2D¯2
D¯2 D2 D¯2
D2 D2
D¯2
D2KˆD¯2Kˆ —–
−D¯2 −D¯2
D¯2 D2 D¯2
D2 D2 —– —–
−D¯2 −D¯2
D¯2 D2 D¯2
D2 D2
D¯2
—– —–
−D¯2 −D¯2
D¯2 D2 D¯2
D2 D2
D¯2
—– —–
Supergraph D-algebra result OP ∈ OPν
D¯2D2D¯2D2D¯2
D¯2 D2 D¯2
D2 D2 Kˆ —–
D¯2D2D¯2D2D¯2
D¯2 D2 D¯2
D2 D2
D¯2
0 —–
D¯2D2D¯2D2D¯2
D¯2 D2 D¯2
D2 D2
D¯2
0 —–
D¯2D2D¯2D2D¯2
D¯2 D2 D¯2
D2 D2 Kˆ —–
D¯2D2D¯2D2D¯2
D¯2 D2 D¯2
D2 D2
D¯2
0 —–
D¯2D2D¯2D2D¯2
D¯2 D2 D¯2
D2 D2
D¯2
0 —–
Table 9: Soft-SUSY insertions up to order 3 in the soft-SUSY scale for one-loop 1PI LˆLˆHˆuHˆu.
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C One-loop topologies with self-energies
The topologies presented in this appendix are superficially divergent. Our assumption is that in
an actual model they are finite, so that mν is genuinely radiative. One way by which such models
can be constructed for any given topology is to postulate a spontaneously broken symmetry that
forbids the superficially divergent term at a more fundamental level. For example, suppose that
a given topology requires a Φˆ†1Φˆ2 self-energy, then the postulated symmetry should forbid Φˆ
†
1Φˆ2
but may allow, say, Φˆ†1Φˆ2ρˆ, where 〈ρ〉 6= 0 spontaneously breaks the symmetry. Now, suppose
that Φˆ†1Φˆ2ρˆ can arise only at loop level and is 1PI, then in the broken phase we have a radiative
Φˆ†1Φˆ2 which is necessarily convergent because
∫
d4θ Φˆ†1Φˆ2〈ρˆ〉 has mass dimension 5. In order to
construct genuine radiative models based on self-energy topologies it may be necessary to consider
more complicated models, as the simplest models in which a symmetry forbids Φˆ†1Φˆ2 but allows
Φˆ†1Φˆ2ρˆ may also generate a tree-level contribution by allowing a superpotential term of the form
Φˆ1Φˆ2ρˆ. The simplest of these more complicated models are those in which the self-energy topology
is based on a dimension-4 superoperator that yields a self-energy once L-number is broken. For
example, Φˆ†1Φˆ2ρˆi may be forbidden because Φˆ
†
1Φˆ2 carries L-number +2 while the superfields whose
scalar component break L-number, ρˆ1,2, carry an L-number different from −2. Now, if ρˆ1ρˆ2 carries
L-number −2, Φˆ†1Φˆ2ρˆ1ρˆ2 is allowed. Then, if ρˆ’s can only interact with Φˆ’s by means of superfields
charged under an unbroken symmetry to which the actual leptons and Φˆ’s are blind (as the U(1)X
of the model example of Sec. 5), Φˆ†1Φˆ2ρˆ1ρˆ2 is necessarily radiative and leads to a Φˆ
†
1Φˆ2 self-energy
once L-number is broken.
We start by considering tree-level 4-point supergraph topologies that are holomorphy compli-
ant. There are only two of such topologies, and which can be identified by the superoperators
AˆBˆCˆDˆ and AˆBˆCˆ†Dˆ†. Next, we consider self-energy insertions. These can be of four types: ΦˆΦˆ,
its H.c., ΦˆΦˆ† and its H.c.. A self-energy can be inserted into the propagator or into an external
line. We will regard an insertion into Cˆ† as equivalent to an insertion into Dˆ†, since one can be
obtained from the other by relabelling the external lines. Similarly, an insertion into Aˆ is regarded
equivalent to an insertion into Bˆ, Cˆ or Dˆ. Hence, there are 20 one-loop 4-point topologies made
with self-energies: 8 based on AˆBˆCˆDˆ and 12 on AˆBˆCˆ†Dˆ†.
Equipped with these topologies, we identify two external lines to be a pair of Lˆ’s, while the
other two to be Higgses. In principle, the Higgses can be any of the following configurations:
HˆuHˆu, HˆuHˆ
†
d and Hˆ
†
dHˆ
†
d. We discard 3 topologies that cannot yield an OP ∈ OPν :
• Of the four topologies based on AˆBˆCˆ†Dˆ† in which the self-energy insertion is into an external
chiral line (say Aˆ), only two have an external pair of chiral lines. Since these chiral lines
will be identified with a pair of Lˆ’s, we can label the two topologies according to the type
of self-energy insertion performed: LˆAˆ† and LˆAˆ. Now, of these two topologies only “LˆAˆ”
can yield an OP ∈ OPν becauseSUSY does not change the fact that the spinor projection
of “LˆAˆ†”, i.e. LA˜†, is proportional to external momenta.
Of the 17 surviving topologies we further discard the following 3
AˆBˆCˆ†Dˆ† : LˆLˆHˆ†dHˆ
†
d ,
AˆBˆCˆ†Dˆ : LˆLˆHˆ†dHˆu and LˆHˆuHˆ
†
dLˆ ,
AˆBˆD2CˆDˆ† : LˆLˆD2HˆuHˆ
†
d ,
(77)
since they yield a pure-SUSYEWSB OP ∈ OPν . The first is based on AˆBˆCˆ†Dˆ† with a ΦˆΦˆ† self-
energy insertion into the propagator by adjoining two chirality flips. The second is based on
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AˆBˆΦˆDˆ with a ΦˆCˆ† self-energy insertion into the external line Φˆ − Cˆ† by adjoining the chirality
flip ΦˆΦˆ. The third is based on AˆBˆΦˆ†Dˆ† with a Φˆ†Cˆ self-energy insertion into the Φˆ† − Cˆ line by
adjoining the chirality flip Φˆ†Φˆ†.
The surviving 7 topologies in which the self-energy insertion is performed on the propagator
are depicted in the first column of Tab. 10. We note that the third row accounts for two topologies.
The 7 in which the insertion is on the external line are listed in Tab. 11. Notice that there are
only two topologies with a self-energy insertion into an Lˆ’s line: the 2nd and last rows of Tab. 11.
In the second column we show the corresponding superoperator(s), obtained by integrating
by parts the D’s in a way that avoids crossing the self-energy insertion. With this procedure,
we are able to associate superoperators to topologies made with self-energies that are identically
zero in the SUSY limit (specifically, ΦˆΦˆ and its H.c.). In the third column we identify the subset
of ÔPν of each topology and in fourth column we list the corresponding LLHH operators and
their schematic dependence on soft-SUSY, up to order 3 in msoft. In order to obtain the fourth
column, we considered soft-SUSY insertions as in Sec. B. Particularly useful for this task was the
catalogue of soft-SUSY insertions into the one-loop self-energies Φˆ†Φˆ† and Φˆ†Φˆ given in Tab. 12
and Tab. 13, respectively.
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Supergraph Superoperator(s) OP ∈ OPν
D2D2 D
2(AˆBˆ)D2(CˆDˆ) D2(LˆLˆ)D2(HˆuHˆu) (type-II w/o)
(m2softµ
∗)LLHuH
†
d
(AB∗µ∗)LLHuH
†
d
(Am2soft)LLHuHu
D2D¯2D2D¯2 AˆBˆCˆDˆ
LˆLˆHˆuHˆu (type-II w/)
(B∗)LLHuHu
LˆHˆuLˆHˆu (type-I and -III)
D2D¯2D2 D
2(AˆBˆ)CˆDˆ
D2(LˆLˆ)HˆuHˆu (type-II w/o) (A
∗µ∗)LLHuH
†
d
D2(HˆuHˆu)LˆLˆ (type-II w/o) (B
∗µ∗)LLHuH
†
d
(A∗m2softµ
∗)LLHuH
†
d
(A∗A)LLHuHu
(AB∗)LLHuHu
(A∗B)LLHuHu
(m2soft)LLHuHu
D2D¯2D2 D
2(AˆBˆ)Cˆ†Dˆ† D2(LˆLˆ)Hˆ†dHˆ
†
d (type-II w/o)
(Bµ)LLHuH
†
d
(A∗B)LLH†dH
†
d
(m2soft)LLH
†
dH
†
d
D¯2D2D¯2 AˆBˆD¯
2(Cˆ†Dˆ†) LˆLˆD¯2(Hˆ†dHˆ
†
d) (type-II w/o)
(B∗µ)LLHuH
†
d
(A∗B∗)LLH†dH
†
d
D¯2D2 D
2(AˆBˆ)D¯2(Cˆ†Dˆ†) D2(LˆLˆ)D¯2(Hˆ†dHˆ
†
d) (type-II w/o)
(A∗Aµ)LLHuH
†
d
(AB∗µ)LLHuH
†
d
(A∗Bµ)LLHuH
†
d
(A∗B∗µ)LLHuH
†
d
(ABµ)LLHuH
†
d
(m2softµ)LLHuH
†
d
(A∗A∗A)LLH†dH
†
d
(A∗AB∗)LLH†dH
†
d
(A∗A∗B)LLH†dH
†
d
(A∗m2soft)LLH
†
dH
†
d
Table 10: One-loop supergraph topologies made with self-energy insertions into the propagator,
and that only yieldSUSYEWS contributions to LLHH. The external superfields in first column’s
supergraphs are labelled as follows: Aˆ (Cˆ) and Bˆ (Dˆ) are upper-left (-right) and lower-left (-right)
external lines. In the second column we display the corresponding superoperators, and where we
have integrated by parts the D’s in a way that avoids crossing over the self-energy insertions
(see text). In the third column we identify the corresponding ÔP ∈ ÔPν superoperators and their
underlying seesaw type, and where “type-II w/” and “type-II w/o” stand for a type-II seesaw with
and without a chirality flip, respectively. This column is identified with the other columns by a
map in which the left-to-right order by which superfields are written corresponds to the alphabetic
Aˆ to Dˆ sequence. In the fourth column we list the LLHH operators, and their dependence on
soft-SUSY, that the third column’s superoperators generate up to order 3 in msoft.
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Supergraph Superoperator(s) OP ∈ OPν
D¯2D2
D2
D2(AˆBˆDˆ)Cˆ†
D2(LˆLˆHˆu)Hˆ
†
d (type-II w/) (Bµ)LLHuHu
D2(LˆHˆuLˆ)Hˆ
†
d (type-I and -III) (A
∗B)LLHuH
†
d
(m2soft)LLHuH
†
d
D2
−D¯2
AˆBˆCˆDˆ
LˆLˆHˆuHˆu, HˆuHˆuLˆLˆ (type-II w/)
(B∗)LLHuHu
LˆHˆuLˆHˆu, LˆHˆuHˆuLˆ (type-I and -III)
D¯2D2
D2
D2(AˆBˆDˆ)Cˆ
D2(LˆLˆHˆu)Hˆu (type-II w/) (A
∗µ∗)LLHuH
†
d
D2(LˆHˆuLˆ)Hˆu (type-I and -III) (B
∗µ∗)LLHuH
†
d
(A∗m2softµ
∗)LLHuH
†
d
(A∗A)LLHuHu
(AB∗)LLHuHu
(A∗B)LLHuHu
(m2soft)LLHuHu
only for type-II:
(A∗B∗(µ∗)2)LLH†dH
†
d
D2
D¯2
D¯2(D2(AˆBˆ)Dˆ†)Cˆ D2(LˆLˆ)D¯2Hˆ†dHˆu (type-II w/o)
(AB∗µ)LLHuHu
(m2softµ)LLHuHu
(B∗|µ|2)LLHuH†d
(A∗m2soft)LLHuH
†
d
(A∗B∗µ∗)LLH†dH
†
d
−D2
D2(AˆBˆ)Cˆ†Dˆ† D2(LˆLˆ)Hˆ†dHˆ
†
d (type-II w/o)
(Bµ)LLHuH
†
d
(A∗B)LLH†dH
†
d
(m2soft)LLH
†
dH
†
d
D2
D¯2
D¯2(D2(AˆBˆ)Dˆ†)Cˆ† D2(LˆLˆ)D¯2Hˆ†dHˆ
†
d (type-II w/o)
µ(A∗A)LLHuH
†
d
(AB∗µ)LLHuH
†
d
(A∗Bµ)LLHuH
†
d
(m2softµ)LLHuH
†
d
(Aµ2)LLHuHu
(Bµ2)LLHuHu
(Am2softµ
2)LLHuHu
(A∗A∗A)LLH†dH
†
d
(A∗m2soft)LLH
†
dH
†
d
(A∗Aµ)LLHuH
†
d
(A∗Bµ)LLHuH
†
d
−D¯2
AˆBˆD¯2(Cˆ†Dˆ†) LˆLˆD¯2(Hˆ†dHˆ
†
d) (type-II w/o)
(B∗µ)LLHuH
†
d
(A∗B∗)LLH†dH
†
d
Table 11: Same as in Tab. 10 but now for self-energy insertions into external lines.
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Supergraph D-algebra result
−D2
D¯2
D2
—–
−D2
−D2
—–
Supergraph D-algebra result
D¯2 D¯2
−D2
D¯2Kˆ
D¯2 D¯2
−D2
D2
D¯2KˆD2Kˆ
−D2 −D2
D¯2
—–
−D2 −D2
D¯2
D2
—–
Supergraph D-algebra result
D¯2−D2
D2
D¯2
Kˆ
D¯2−D2
D2
D¯2
D2
0
D¯2−D2
D2
D¯2
D2
0
D¯2 −D2
D¯2
D2
Kˆ
D¯2 −D2
D¯2
D2
D2
0
D¯2 −D2
D¯2
D2
D2
0
Table 12: SUSY insertions up to order 3 in the soft-SUSY scale for one-loop Φˆ†Φˆ†.
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Supergraph D-algebra result
D2
D2 D¯2
D2Kˆ
D¯2
D2 D¯2
D¯2Kˆ
D2
D2 D¯2
D¯2
D2KˆD¯2Kˆ
Supergraph D-algebra result
−D2
D¯2
D2
D2Kˆ
D2
−D2
D¯2
D2
0
D¯2
−D2
D¯2
D2
D2KˆD¯2Kˆ
D¯2
D2
−D¯2
D¯2Kˆ
D2
D¯2
D2
−D¯2
D¯2KˆD2Kˆ
D¯2
D¯2
D2
−D¯2
0
Supergraph D-algebra result
D¯2
D¯2
D2
D2
D2D¯2Kˆ, Kˆ (*)
D2
D¯2
D¯2
D2
D2
D2KˆD2D¯2Kˆ
D¯2
D¯2
D¯2
D2
D2
D¯2KˆD2D¯2Kˆ
−D¯2−D2
Kˆ
D2
−D¯2−D2
0
D¯2
−D¯2−D2
0
Table 13: SUSY insertions up to order 3 in the soft-SUSY scale for one-loop Φˆ†Φˆ. (*) stands for
an omitted term that vanishes as pext → 0.
39
D Soft SUSY breaking insertions in the model of [37]
The soft-SUSY potential is parameterised according to the conventions set at the beginning of Ap-
pendix B and having Eq. (21) as the superpotential of reference.
We have made a thorough calculation of soft-SUSYEWS contributions to LLHH up to order
2 in the soft-SUSY scale. This allowed us to confirm that the only type of soft-SUSY insertions
into LˆLˆHˆuHˆu – which can be identified by their dependence on f
2
10 in the expression given below
– that yielded an LLHH were B-terms, in agreement with Tab. 9. In the simplifying limit of
MNi = µs3 = µL2 = MN we find that the effective Lagrangian contains
1
384pi2M3N
[
− f210
(
BN +
(
1 +
(
f∗9
f10
µL
MN
)2)
Bζ3 + 2BηL +
4f∗9
f10
µL
MN
(
(m2soft)ζ3 + (m
2
soft)ηL2
))
HuHu
+ 2f∗9 f10
(
2A∗9MN +BN −Bζ3 −
|µL|2
M2N
BηL −
2f∗9
f10
µL
MN
(
(m2soft)ζ3 + (m
2
soft)ηL2
))
HuH
†
d
+ (f∗9 )
2
(
4A∗9MN +BN −Bζ3 − 2BηL
)
H†dH
†
d
]
L f16f
T
16 L . (78)
A fortuitous cancellation in the all masses equal limit prevents a µL-independent BηL-term con-
tribution to LLHuH
†
d from appearing. This cancellation happens between the diagram with a
BηL inserted into the L → H†d line and the diagram with a BηL inserted into the L → Hu line,
as shown in Fig. 15. To be precise, the µL-independent BηL-term contributions coming from the
ζˆ3
Lˆi Lˆk
Hˆd Hˆu
D¯2
D2
D2
D2
D¯2D¯2 D2
D¯2D2
ηˆL1
|
ηˆL2
ηˆL1
|
ηˆL2
ηˆL2
Nˆj
ζˆ3
Lˆi Lˆk
Hˆd Hˆu
D2
D2
D¯2D¯2 D2
D¯2D2
ηˆL1
ηˆL2
ηˆL2
Nˆj
Figure 15: Supergraphs for leading order BηL-term (grey blobs) contribution to LLHuH
†
d.
first and second supergraphs add up to
lim
MN=µL2=µs3
(
MNµ
2
L2E0 +MN
[
D0 + µ
2
L2E0
]) ∫
d4θD2
(
Xˆ†Xˆ
M2X
)
BηL
LˆLˆHˆuHˆ
†
d = 0 , (79)
respectively, and where D0 and E0 are the following scalar one-loop integrals evaluated at pext = 0:
D0(...,M
2
N , µ
2
L2, µ
2
s3, µ
2
L2) and E0(...,M
2
N , µ
2
L2, µ
2
L2, µ
2
s3, µ
2
L2), respectively. Xˆ
†Xˆ is aSUSY spurion
insertion (cf. Eq. (42)). The remainder of the second supergraph generates the µL-dependent BηL-
term contribution:
MNE0
∫
d4θ D¯2D2
(
Xˆ†Xˆ
M2X
)
BηL
LˆLˆD2HˆuHˆ
†
d ⊃ |µL|2BηLMNE0 LLHuH†d . (80)
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E Radiative renormalisable couplings in SUSY
In this appendix we show that, by relying just on the renormalisability of the superpotential, some
four-scalar couplings can be genuinely radiative.
Let Xˆi be a chiral scalar superfield of components φi, χi and Fi. In each statement we increase
i whenever a field/superfield is introduced that does not need to have the identity of a previously
introduced field/superfield. For instance, when an Fi is used, we say that it contains some φ’s
labelled by increasing the counter i. In this way no a priori assumption is made regarding the
form of the superpotential.
The only radiative possibility for renormalisable spinor-scalar interactions is (schematically)
1
M
∫
d4θ Xˆ†1Xˆ2Xˆ3 ⊃
1
M
F †1χ2χ3 ⊃ φ4χ2χ3 . (81)
This means that Xˆ2Xˆ3Xˆ4 is symmetric and, since it is renormalisable, allowed in the superpoten-
tial. Thus, there is a tree-level contribution to φ4χ2χ3. Regarding three-scalar interactions, the
possibilities are ∫
d4θ Xˆ†1Xˆ2 ⊃ F †1F2 ⊃Mφ3φ4φ†5 ,
1
M
∫
d4θ Xˆ†1Xˆ2Xˆ3 ⊃
1
M
F †1F2φ3 ⊃Mφ4φ†5φ3 ,
(82)
where both say that Xˆ2Xˆ3Xˆ4 is symmetric, and thus allowed in the superpotential. In addition, the
first necessitates Xˆ1Xˆ3Xˆ4, Xˆ2Xˆ5 ⊂ W, while the second necessitates Xˆ2Xˆ5, Xˆ1Xˆ4 ⊂ W. Hence,
in both cases there is a tree-level contribution to φ3φ4φ
†
5 once F2 is integrated out. Regarding
four-scalar interactions, we have
(a)
∫
d4θ Xˆ†1Xˆ2 ⊃ φ3φ4φ†5φ†6 ,
(b)
1
M
∫
d4θ Xˆ†1Xˆ2Xˆ3 ⊃ φ4φ†5φ†6φ3 ,
(c)
1
M
∫
d4θ Xˆ†1Xˆ2Xˆ3 ⊃ φ4φ5φ†6φ3 ,
(d)
1
M2
∫
d4θ Xˆ†1Xˆ2Xˆ3Xˆ4 ⊃ φ5φ†6φ3φ4 ,
(e)
1
M2
∫
d4θ Xˆ†1Xˆ2Xˆ
†
3Xˆ4 ⊃ φ5φ†6φ†3φ4 .
(83)
(a) and (b) entail a tree-level contribution. (c) and (d) have tree-level contributions if and only if
there exists a representation Yˆ ∼ Xˆ2 such that Yˆ Xˆ3Xˆ4Xˆ5 is generated at tree-level; in the case
of (c), this happens if Xˆ1 is massive. (e) has a tree-level contribution if and only if the model
contains a representation Yˆ such that
Yˆ Xˆ4Xˆ5, Yˆ Xˆ3Xˆ6 ⊂ W or Yˆ Xˆ1Xˆ3, Yˆ Xˆ2Xˆ4 ⊂ W , (84)
corresponding to the tree-level exchange of FY or φY , respectively. If former’s case Yˆ has a mass
term, there is also a contribution due to an exchange of φ¯Y and the sum of the two gives
φ†3φ
†
6
−
−−M2Y
(φ4φ5) . (85)
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For an easier understanding of the “only if” part of these assertions, we show in Fig. 16 all possible
realisations of tree-level φ†φ3 and (φ†φ)2 under the assumption of a renormalisable superpotential.
We use auxiliary fields, shown as dotted lines with an arrowhead, to make clear the holomorphy
of the superpotential.
Figure 16: All possible tree-level topologies of φ†φ3 and (φ†φ)2 under the assumption of a renor-
malisable superpotential. Exchanges of FY , φ¯Y (FY -induced) and φY , as mentioned in the text,
correspond to the last three diagrams.
To conclude, four-scalar couplings coming from (c), (d) or (e) are possible radiative couplings
in a supersymmetric setting.
F Model example
Our conventions regarding SU(2)L contractions in the superpotential of Eq. (47) are fully specified
by the following. Reading each term from left to right, let Aˆ be the first doublet superfield and
Bˆ the second, and let 12 = 1 be the totally anti-symmetric tensor. Then,
3⊗ 2⊗ 2 ⊃ 1 : ∆ˆAˆBˆ := ∆ˆαAˆaTαabBˆb = ∆ˆαAˆa(Tα)abBˆb ,
(∆ˆAˆBˆ)† := ∆ˆ†αBˆ†aTαabAˆ
†b = ∆ˆ†αBˆ†a(−Tα)abAˆ†b ,
3⊗ 3 ⊃ 1 : ∆ˆ∆ˆ := 2∆ˆα∆ˆβTr
[
TαT β
]
,
2⊗ 2 ⊃ 1 : AˆBˆ := (AˆBˆ) := AˆaabBˆb ,
(86)
where Aˆa := −abAˆb.
Useful identities are [
Lˆai (T
α)abLˆ
b
j
] [
Hˆcu(T
α)cdHˆ
d
u
]
= −1
2
(
LˆiHˆu
)(
LˆjHˆu
)
,[
Lˆai (T
α)abLˆ
b
j
] [
Hcu(T
βTα)cdH
d
u
]
=
1
2
(
Lˆ(iHˆu
) [
Hˆau(T
β)abLˆ
b
j)
]
,[
Lˆai (T
α)abLˆ
b
j
] [
Hˆcu(T
βTα)cdHˆ
d
u
] [
Hˆ†eT βef Hˆ
f
]
=
1
4
(
Lˆ(iHˆu
)(
HˆuHˆ
)
Hˆ†Lˆj)
+
1
8
(
LˆiHˆu
)(
LˆjHˆu
)
Hˆ†Hˆ ,
(87)
where indices within ( ) are symmetrised in a normalised way.
We define the following abbreviations for scalar one-loop integrals [39] evaluated at pext = 0:
C0 := C0(0, 0, 0,M
2
X1 ,M
2
X2 ,M
2
X3) ,
D0,0 := D0(0, 0, 0, 0, 0, 0,M
2
X1 ,M
2
X2 ,M
2
X3 , 0) ,
D0,i := D0(0, 0, 0, 0, 0, 0,M
2
X1 ,M
2
X2 ,M
2
X3 ,M
2
Xi) ,
E0,i := E0(0, 0, 0, 0, 0, 0, 0, 0, 0, 0,M
2
X1 ,M
2
X2 ,M
2
X3 ,M
2
X3 ,M
2
Xi) ,
(88)
where i = 1, 2, 3.
42
F.1 Dimension-7 OP ∈ OPν
The supergraphs of Fig. 12 involving each of the SU(2)L⊗U(1)Y gauge vector superfields turn out
to add up to an overall dependence in which all M2Xi are equally weighed. This is due to a partial
cancellation between upper and lower diagrams. Hence, the possibility of attaching VˆSU(2)L to
either Xˆ1/Xˆ1 or Xˆ2/Xˆ2 simplifies to a multiplicative factor of 2. We thus find that the effective
Ka¨hler potential contains
aMX3C0
32pi2M2∆
D2(LˆaLˆb)HˆcuHˆ
d
u
[
g′2VˆU(1)Y acbd + 2g
2Vˆ αSU(2)Lac(T
α)db
]
. (89)
Hence, the effective Lagrangian contains
g2aMX3C0
32pi2M2∆
(
1
2c2w
(LHu) (LHu)
[
H†uHu + c2wH
†
dHd
]
+ (LHu) (HuHd)H
†
dL
)
. (90)
The other supergraphs give
− aMX3
32pi2M2∆
2∑
i=1
|λi|2(D0,3 +M2XiE0,i)
∫
d4θ D2(Lˆai Lˆ
b
j)Hˆ
c
uHˆ
d
uHˆ
†e
u Hˆ
f
u acbdδef
+
bMX3MX1MX2
32pi2M∆
2∑
i=1
|λi|2E0,i
∫
d4θ
(
LˆiHˆu
)(
LˆjHˆu
)
Hˆ†uHˆu
(91)
⊃− aMX3 |µ|
2
16pi2M2∆
2∑
i=1
|λi|2(D0,3 +M2XiE0,i)
[
1
2
(LHu) (LHu)H
†
dHd − (LHu) (HuHd)H†dL
]
+
bMX3MX1MX2µ
32pi2M∆
2∑
i=1
|λi|2E0,i (LHu) (LHu) (HuHd) .
(92)
F.2 Dimension-5 OP ∈ OPν
Inspection of Tab. 2, Tab. 3, Tab. 4, Tab. 5 and Tab. 8 reveals that, up to order 3 in soft-SUSY,
there are 22 terms16 contributing to LLHuHu (3 of them proportional to λ¯X), 10 terms to LLHuH
†
d
and 1 to LLH†dH
†
d. To be specific, their contribution to the effective Lagrangian reads
− λ1λ2
32pi2M2∆
([
λ∗XMX3
(
2∑
i=1
[
(m2soft)Xi(C0 +M
2
XiD0,i) + (m
2
soft)XiM
2
XiD0,i
]
+
[
(m2soft)X3 + (m
2
soft)X3
]
(C0 +M
2
X3D0,3) +A
∗
X(A1 +A2)C0
)
− λ¯XM∆
(
MX3(BX1MX2D0,1 +BX2MX1D0,2) +BX3MX1MX2D0,3
)
+ λ∗X(A1 +A2)
(
MX3
2∑
i=1
BXiMXiD0,i +BX3(C0 +M
2
X3D0,3)−
MX3B∆C0
M∆
)
+ λ∗XA
∗
X
(
MX3
2∑
i=1
BXiMXiD0,i +BX3M
2
X3D0,3
)]
HuHu
16Recall that in those tables we suppressed insertions that were redundant due to some symmetry of the supergraph
topology. In here, we are counting them provided they involve a distinct set of superfields.
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− 2µ∗λ∗X
[
MX3
(
A∗XC0 +
2∑
i=1
MXiBXiD0,i −
B∆C0
M∆
)
+BX3
(
C0 +M
2
X3D0,3
)
+A∗XMX3
(
2∑
i=1
(m2soft)XiD0,i +
1
2
[
(m2soft)X3 + (m
2
soft)X3
]
D0,3
− (m
2
soft)∆C0
M2∆
)]
HuH
†
d
+ (µ∗)2λ∗XA
∗
XBX3D0,3H
†
dH
†
d
)
LλLL . (93)
These results have been confirmed by standard means of calculation, and further checked against
algorithmic evaluations with FeynArts/FormCalc [41]. To generate the necessary model files we
have used to our advantage FeynRule’s [42] support for superfields.
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